CO, STORAGE 


Materad gars fechas an a rune her 
poner Latin comet nniet bear ial 


AUTHORS 


Vol 458 | Issue no. 7238 | 2 April 2009 


Abstractions 


LAST AUTHOR 

Being able to read 
another person's mind is 
still science fiction. But 
Frank Tong, a cognitive 
neuroscientist at 
Vanderbilt University in 
Nashville, Tennessee, 
and his colleague Stephenie Harrison might 
have brought this fantasy a little closer 

to reality. Researchers thought that brain 
areas involved in the earliest stages of visual 
processing, including the primary visual 
cortex, could not retain the information they 
interpret from the signals received from the 
eye. Using functional magnetic resonance 
imaging (fMRI), Tong and Harrison have 
now shown that early visual areas do retain 
precise visual information about items that 
are no longer in the visual field — at least 
for a brief period (see page 632). Tong tells 
Nature more about the discovery. 


What did you actually find? 

We showed volunteers two striped patterns 
in different orientations and then asked 
them to remember one of the patterns for 
several seconds while we scanned their 
brains by fMRI — a technique that measures 
a signal produced by the increase in blood 
oxygenation that follows neural activity. By 
decoding the activity in the visual cortex, we 
could predict in more than 80% of the tests 
which of the two patterns a volunteer was 
remembering. 


Were you surprised? 

We thought we might find some evidence of 
visual memory in the visual cortex, but we 
were surprised to find it when brain activity 
was extremely low. It could be that when 
you're thinking about something, it is not at 
the same degree of vividness as when you 
are actually seeing it. Also, it could be that 
neurons in the visual cortex can transmit 
much information with little activity. 


How were you able to interpret the signal? 
Usually, fMRI signals are measured using 
‘voxels’, a three-dimensional unit of 
measurement consisting of a few millimetres 
along each side. We used pattern analysis 

to pool the weak information contained in 
many individual voxels to obtain more robust 
information across the visual cortex. With 
this method, we can predict what people 

are seeing, paying attention to or actively 
remembering. 


Will mind reading be possible some day? 
We have a long way to go before these 
techniques could be applied to, say, a criminal 
investigation, but the possibility of reading out 
a person's thoughts does exist. But here we 
were reading out what our volunteers chose 
to remember, so people have some control 
over what thoughts can be read out. Right 
now, what we are doing is still fairly basic. 
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MAKING THE PAPER 


Piergiorgio Picozza 


An experiment to detect high- 
energy positrons pays off. 


Seventy years ago, scientists first calculated that 
galaxies must contain additional, undetectable 
sources of mass — up to five times the mass of 
the detectable gas and stars. Piergiorgio Picozza, 
a physicist at the University of Rome Tor 
Vergata in Italy, has spent his career searching 
for this invisible dark matter’, which is proposed 
as the source of the added mass, and he might 
now have found evidence for it. 

Picozza has been investigating the formation 
of antimatter in space. Antimatter consists of 
particles that have the same mass as electrons 
and protons, but opposite properties such as 
charge. For example, the positively charged 
positron is the antimatter counterpart of the 
electron. Positrons can be produced by ‘sec- 
ondary processes, such as cosmic-ray nuclei 
smashing into interstellar dust, which occur 
at relatively low energies, but they might also 
arise directly from ‘primary sources, such as 
dark-matter annihilations, that could generate 
positron—electron pairs at high energies. The 
latter process has not yet been confirmed. So 
a better understanding of positron formation 
could indicate the presence of dark matter. “A 
very important part of our job is to disentangle 
the sources of positrons,’ says Picozza. 

To gather the necessary data, Picozza 
organized a collaboration of Russian, Ital- 
ian, German and Swedish colleagues dubbed 
PAMELA — Payload for Antimatter-Matter 
Exploration and Light-nuclei Astrophysics. At 
first, PAMELA was difficult to get funded as 
a US-led collaboration had just begun similar 
work. But Picozza persevered and convinced 
European funders that two sets of data would 
be better than one. Specialized high-energy 
particle detectors to precisely measure the 
abundance of cosmic rays, electrons, posi- 
trons and other antimatter particles were sent 


into Earth orbit on board a satellite in 2006. 


To identify possible primary source antimat- 
ter production, the team focused its analysis 
on the energy interval between 1.5 and 100 
gigaelectron volts (GeV). If positrons are pro- 
duced mainly from secondary sources, the 
ratio of positrons to electrons detected would 
be expected to decrease with increasing energy. 
But, surprisingly, the team found that this frac- 
tion increased significantly between 10 GeV and 
100 GeV (page 607). The authors conclude that 
a primary source is needed to generate the high 
numbers detected at these higher energies. 

Picozza is careful not to jump to the conclu- 
sion that their results prove that the primary 
source of antimatter is dark-matter annihila- 
tion. Pulsars, relics of massive stars that emit 
radiation, could also generate positrons. The 
ultimate confirmation that antimatter particles 
are produced from dark matter will come only 
ifthe Large Hadron Collider (LHC) at CERN 
near Geneva in Switzerland can experimen- 
tally produce ‘dark matter particles. “I remain 
open-minded about the possibilities, but if 
the LHC confirms our data, it would easily 
be the best result I — and more importantly, 
my young collaborators — will have achieved,’ 
says Picozza. 

Until then, he hopes to take advantage of 
PAMELA’ remaining time in space to follow 
antimatter production during a shift from low 
to high solar activity. The PAMELA data below 
10 GeV were obtained in a period of low solar 
activity, and are remarkably different from 
previous data obtained during high activity. m 


FROM THE BLOGOSPHERE 


Nature Chemistry (www.nature. 
com/nchem/index.html) has 
finally arrived! In a post in The 
Sceptical Chymist (http:// 
tinyurl.com/c73cc8), associate 
editor Neil Withers announces 
the first issue, which is “freely 
available for everyone to read 
and (hopefully) enjoy”. 
Uppsala University postdoc 
and blogger Egon Willighagen 
has already taken a look 
(http://tinyurl.com/dfvgon). In 


his 19 March post, he happily 
notes that many of the papers 
have data-rich ‘compound 
pages’ in which readers can 
click on a compound number to 
view a full structure, with links 
to online databases. 

In other papers, readers can 
click on the ‘Show compounds’ 
link that appears in the right- 
hand navigation panel and 
compound names in the text 
will be highlighted. Clicking 


these names reveals links to 
PubChem and ChemSpider. 
Willighagen concludes 
that “Nature Chemistry 
really changes publishing of 
chemistry”. In addition to the 
usual mix of research articles, 
reviews, News and Views 
and Research Highlights, the 
journal includes Blogroll, a 
quick overview of what has 
caught the editors’ eyes in the 
blogosphere. a 


Visit Nautilus for regular news relevant to Nature authors } http://blogs.nature.com/nautilus and see 
Peer-to-Peer for news for peer reviewers and about peer review } http://blogs.nature.com/peer-to-peer. 
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Time for a concerted nuclear approach 


Nuclear non-proliferation’s moment has come. Scientists must help governments to seize a historic 


opportunity to avoid future apocalypses. 


hen leaders of the G20 nations gather in London this week, 
VV their attention will undoubtedly be focused on the current 

financial crisis. But it cannot be their exclusive focus: the 
crisis itself is a grim reminder that imminent global threats are best 
dealt with before the event, not after. And nothing poses a greater 
threat for creating further crises than nuclear weapons, either in exist- 
ing stockpiles or through their acquisition by an increasing number 
of states — or by terrorists. 

Fortunately, many of the G20 attendees seem to feel that urgency. 
Their host, UK prime minister Gordon Brown, has signalled that he 
is ready to put cuts to his country’s arsenal on the table — although his 
government remains committed to a costly revamp of its deterrents, 
despite a lack of compelling justification. And US president Barack 
Obama and his Russian counterpart Dmitry Medvedev are expected 
to sign a pledge at the G20 meeting to reach an agreement by the end 
of the year to make substantial cuts to their nuclear arsenals. 

This is excellent news, especially given how relations between the 
United States and Russia have soured over the past decade. The two 
countries first agreed to large reductions in their nuclear stockpiles 
under the Strategic Arms Reduction Treaty, which was formulated in 
1982 and finally signed in 1991. But that treaty expires in December, 
and as yet no follow-up has been pursued. A new nuclear entente is 
sorely needed — not least to tackle the terrorist threat posed by the 
insecure stockpiles of weapons and fuel across the countries of the 
former Soviet Union. 

But the world’s leaders need to go much further. Over the past 
decade the whole fabric of the nuclear non-proliferation regime has 
begun to unravel — notably through the failure to implement ways 
to strengthen the Nuclear Non-Proliferation Treaty, such as through 
a Comprehensive Nuclear Test Ban Treaty. The situation is now dire. 
North Korea, which tested a nuclear device in 2006, seems set to test 
an intercontinental ballistic missile within days. Pakistan, which is 
estimated to have dozens of nuclear warheads, is politically unstable. 
And Iran, according to many scientists, now has enough fuel-grade 
low-enriched uranium to convert into a bomb’s worth of highly 


enriched uranium, should it choose to do so. 

These challenges will only grow more acute if, as expected, nuclear 
power is revived around the world as a way to mitigate climate change. 
A solution is urgently needed to ensure that the fuel intended for civil- 
ian nuclear reactors, as well as the huge amount of waste they produce, 
is not diverted to military ends. Some radical solutions are already 
under discussion, such as bringing all fuel-production facilities under 
multinational control. 

Forging a consensus on these matters will not be easy. But scientists 
and engineers can play a crucial part by redoubling their efforts to 
create informal scientific and diplomatic backchannels. Particularly 
notable in that context is a conference taking place on 17-20 April 
in the Hague: the 58th annual meeting of the international Pugwash 
movement (see page 575). The movement's frequent convocations 
of influential scientists, politicians and other figures are credited 
with making key progress in arms control during the cold war. And 
although today’s geopolitics are very different, the movement’ efforts 
are as relevant as ever. Behind the scenes, for example, Pugwash is 
pursuing informal contacts with Iran to find ways out of that crisis. 
Scientists are also engaging in disarmament in newer organizations 
such as the non-profit US Nuclear Threat Initiative, which is working 
to reduce nuclear threats by championing a multilateral fuel bank, and 
a clean-up of stocks of highly enriched uranium. 

Indeed, there is cause for optimism on the nuclear front. Obama’s 
pledge to work towards a world free of nuclear weapons seems sin- 
cere, and is galvanizing support for new multilateral efforts in non- 
proliferation. With quick action, moreover, there is still time to build 
enough political momentum and preparation to make substantial 
progress at next year’s crucial review conference of the Nuclear Non- 
Proliferation Treaty. The United States could send a strong signal 
here by sending the Comprehensive Test Ban Treaty to the Senate for 
ratification — as Obama has said he intends to do. As Brown said in 
a landmark speech on the topic on 17 March, it is time “to transform 
the discussion of nuclear disarmament from one of platitudes to one 
of hard commitments” rT] 


Clicking on a new chapter 


The e-textbook is only one part of a bigger 
revolution in online learning. 


to amplify or clarify what they have heard in their lectures, to 
remind themselves how the various ideas relate one another, and 
— especially important in science courses — to find a good graphi- 
cal depiction of the ideas they are struggling to understand. Once a 


Fi generations, students have flipped through their textbooks 


student can picture in his or her mind the structure of DNA, say, or 
the mechanism of the greenhouse effect, much of the teacher's job 
is done. 

Students will always need this kind of help; it is central to the 
learning process. But they might not be getting it from a printed 
textbook for much longer. The boundaries of the textbook have 
been stretching for some time now. Many already come with a CD 
attached, or include access to a website where updates and sup- 
plementary information can be found. Now those boundaries are 
threatening to burst entirely, as publishers experiment with making 
their textbooks available on personal computers, e-readers such as 


549 


© 2009 Macmillan Publishers Limited. All rights reserved 


EDITORIALS 


NATURE]Vol 458|2 April 2009 


the Amazon Kindle and handheld devices such as the iPhone (see 
page 568). The printed textbook will not vanish anytime soon — but 
a generation from now, it could be just a memory. 

Yet at the same time, new technology is not limited to delivering 
the same type of content in new formats. E-textbooks are part of a 
much larger technological shift in the nature of teaching and learn- 
ing. As is typical on the Internet, it is users who are driving some of 
the most popular innovations. Although the large publishing houses 
are understandably taking their time to consider how best to connect 
to new media, teachers and students, unconstrained by the need to 
protect jobs and revenues, are further ahead in experimenting with 
how to make the best use of virtual environments. 

At the simplest level is the worldwide trend for both teachers 
and institutions to provide online access to course notes — often 
free of charge. Beyond that are collaborations between teachers to 
produce altogether new types of learning resource. At the Univer- 
sity of Edinburgh, UK, for example, teachers have produced a set 
of free-to-download computer animations that illustrate concepts 
and phenomena in the physical sciences (see www.ph.ed.ac.uk/cgi- 
bin/interactive/applets). 

Andata third level are virtual classrooms, in which teachers speak 
to global audiences through online classes and seminars, or via do-it- 
yourself online courses such as those offered by the US National Sci- 
ence Teachers Association in Arlington, Virginia. Indeed, more and 
more colleges and universities are taking courses almost completely 
online through ‘virtual learning environments’ such as the commer- 
cial Blackboard system, headquartered in Washington DC, or the 


open-source Dokeos platform from Europe. These environments not 
only allow students to access tests, homework, grades and lectures 
via the Internet, but they increasingly use wikis, blogs, messaging 
and even three-dimensional virtual environments such as Second 
Life to create online communities around each course. Such com- 
munities are particularly valuable for distance learning, to avoid 
students having to work in isolation. 

The result is a ferment of crea- 


a“ : 
tivity and innovation in education Thereis a ferment 


that deserves to be encouraged. The of creativity and 
funding agencies and private foun- innovationin education 
dations are already doingsotosome that deserves to be 
degree. The Edinburgh project, for encouraged.” 


example, was funded by Britain’s 
Higher Education Academy, based 
in York. But they need to support such efforts more systematically 
— particularly by developing toolkits that make it easy for teachers 
to create instructional modules, and by encouraging the adoption 
of Sharable Content Object Reference Model and other such open 
standards for instructional software so that the modules can be 
used anywhere. 

Textbook publishers would also do well to support such efforts, 
rather than ignoring or even resisting them, as the music industry 
tried to do with digital recordings. Textbooks were kings in a world 
where few other learning resources existed. University students, 
college libraries and school science departments had no option but 
to buy them. Now they have much more choice. a 


A bill against rights 


Italy’s Senate has approved a bill that ignores 
patients’ wishes and the country’s own constitution. 


give physicians in the country the right to override the living 
wills of people who are in a persistent vegetative state, and to 
try to keep the patients alive through artificial nutrition. 

The measure has caused intense controversy. Many countries 
have laws, or established codes of medical practice, that protect 
the expressed wishes of an individual to decline treatment if they 
become severely incapacitated and incapable of communicating. In 
most US states, for example, a doctor must negotiate with relatives 
via an ethics committee if he or she believes that a patient incapaci- 
tated in this way could benefit from additional treatment. The Italian 
bill, however, which is now being discussed in the lower house of 
parliament, the Chamber of Deputies, explicitly allows physicians to 
overrule such living wills. It also declares that artificial nutrition — 
which requires a feeding tube to be implanted into the stomach — is 
nota clinical intervention. 

Curiously, the proposed law applies only to patients in the type of 
prolonged, deep coma known as a persistent vegetative state, and not 
to those with other, similarly incapacitating illnesses. This is because 
the bill has been prompted by the recent and much-publicized death 


C) n 26 March, the Italian Senate approved a bill that would 
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of Eluana Englaro, who spent 17 years in a vegetative state after a 
car accident at the age of 21. Her father, arguing that his daughter 
had voiced a desire to be allowed to die ifincapacitated, had pressed 
her reluctant doctors to cease artificial feeding. He eventually took 
legal action, winning in one court after the next in fighting off all the 
doctors’ appeals. In February, he finally had her moved to a hospital 
that was prepared to remove the feeding tube. Prime Minister Silvio 
Berlusconi issued an emergency decree to block the process, but 
the Italian president refused to sign it. The constitutional crisis was 
averted when Englaro died on 9 February. 

Surveys have indicated that a large majority of Italians do not 
support the idea that living wills could be ignored. But most rel- 
evant scientific societies have been quiet. The Federation of Italian 
Physicians published only a mild statement, after the Senate vote, 
suggesting that it should have been consulted. 

As tragic as Englaro’s situation was, media-fuelled emotion is not 
a good basis for lawmaking. The Italian constitution says that no 
one can be forced to undergo medical treatment without his or her 
approval. The Chamber of Deputies must now ensure that the bill 
is imbued with a suitable level of scientific and legal sophistication, 
and that it meets this constitutional provision. Discussion needs to 
embrace the requested wider consultation with the medical com- 
munity and provisions should be made for care-givers’ conscientious 
objection. But a physician whose conscience precludes his or her 
personally removing a feeding tube should not have the last say in 
the life or death of a patient whose wishes are clearly stated. : 
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School soundings 


Science 323, 1734-1737 (2009) 

It is difficult to study what triggers shoaling in 
sea fish as the conglomerations can be tens 
of kilometres across and yet are still hard to 
find in the vast oceans. Nicholas Makris of the 
Massachusetts Institute of Technology and 
his colleagues have observed the genesis of 
an entire giant shoal for the first time, using 

a low-frequency acoustic technique that can 
take snapshots of areas up to 100 kilometres 
across every 75 seconds. 

They found that spawning Atlantic herring 
(Clupea harengus) around the Georges Bank 
in the Gulf of Maine had to reach a critical 
density of 0.2 fish per square metre to 
trigger a rapid transition from anarchy to 
synchronization. After this transition the 
fish then proceed to migrate in their millions 
under the influence of a small number of 
leader fish. 


Bloody anomaly 


Genome Res. doi:10.1101/gr.083188.108 (2009) 
Blood-sucking lice are common. Genetically, 
they are also unusual, say Renfu Shao at the 
University of Queensland, Australia, and 
his colleagues. Using information from the 
Human Body Louse Genome Project, the 
team found that the mitochondrial genome of 
the human body louse (Pediculus humanus) 
is splintered into 18 mini-chromosomes. 
Chromosome fragmentation seems to 
have evolved along with blood sucking: the 
authors found it in human head and pubic 
lice, as well as in blood-sucking lice of other 
primates, but not in related lice that feed on 
other material. The chromosomal break-up 
may have been advantageous by increasing 
recombination between mini-chromosomes 
and introducing genetic variation that helped 
lice adapt to a bloody mammalian diet. 


Tug of war 


Nature Nanotechnol. doi:10.1038/nnano.2009.55 
(2009) 
Even the strongest molecular bonds break if 
yanked hard enough. But studying this effect 
requires a delicate tugging mechanism that can 
focus force controllably on individual bonds. 
Roman Boulatov and his colleagues at the 
University of Illinois in Urbana-Champaign 
have found such a device: a rigid U-shaped 
molecule, stiff stilbene (pictured right), the 
ends of which are attached to the molecule 
under interrogation. Stilbene twists into 
a strained shape on exposure to light, 
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pulling on its attached molecule. The 

force generated can be calculated from 
quantum mechanical principles, and altered 
incrementally depending on the length of 
an adjustable linker. 

The researchers confirm a direct 
relationship between the force their probe 
exerts on a cyclobutene molecule and the rate 
at which a central bond falls apart. 


Brushing problems aside 


Science 323, 1698-1701 (2009) 
The joints in human elbows, knees and 
the like exhibit very little friction even at 
moderately high pressure — man-made 
materials can offer nothing as good. 
Zwitterions might put that right. 
Zwitterions are molecules with discrete 
positive and negative charges in different 
places. Jacob Klein of the University of 
Oxford, UK, and his colleagues have created 
polymer ‘brushes’ made of zwitterionic 
phosphorylcholine, in which the multiple 
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positive and negative charges strongly attract 
water molecules, and attached them firmly 
to mica surfaces. The result is a system with 
very low friction when the surfaces move 
against each other, probably because the water 
molecules clinging to the phosphorylcholines 
prevent the brushes becoming entangled. The 
bound water can exchange freely with other 
water molecules, which also reduces friction. 
This work might have application in 
biomedical devices where friction is often a 
problem. 


Slow revolution 


Astrophys. J. 694, 130-143 (2009) 
Galactic archaeologists have identified a 
component of the Milky Way’s halo that had 
been predicted but not seen before. The team, 
led by Heather Morrison at Case Western 
Reserve University in Cleveland, sifted 
through stellar velocity data from surveys 
going back to 1994, and found a group of 
stars marching to a different beat from the 
halo’s original inhabitants. These stars were 
probably part of the outer halo and seem to 
have arrived at their positions more recently. 

Some astronomers had theorized that 
the halo of stars centred on the Milky Way 
should contain two components. One, 
roughly spherical, would not rotate. The other, 
observed now for the first time, flattened into 
a thick, slowly rotating disk after the Galaxy's 
formation when stars from the outer halo 
drifted inwards. 

This new component contains stars with 
eccentric orbits not found in the rapidly 
rotating main disk. 
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Deep-sea Methuselahs 


Proc. Natl Acad. Sci. USA doi:10.1073/ 
pnas.0810875106 (2009) 

The longevity of deep-sea corals has been 
much debated: radiocarbon dating provides 
estimates of millennia, but counting growth 
rings gives ages of only a few hundred years. 
Brendan Roark at Texas A&M University 

in College Station, an advocate of the 
radiocarbon approach, now reports with 
his colleagues more evidence for extremely 
long-lived corals. 

They show that, in some cases at least, the 
organic carbon that is acquired by the corals 
is ‘fresh. It is carbon rapidly transported from 
the surface ocean to the depths at which the 
corals live, rather than old sea-floor carbon in 
which the radioactive carbon- 14 has already 
decayed. 

The fresh diet means that the carbon-14 
levels in the corals should accurately reflect 
their ages. On this basis the team estimates 
members of the black-coral genus Leiopathes 
to be 4,265 years old. 


CHEMISTRY 


Chemical scissors 


Nature Chem. doi:10.1038/nchem.162 (2009) 

A synthetic catalyst that mimics the chemical 
scissors at the heart of bacterial methane 
digestion can snap strong carbon-hydrogen 
bonds. 

Previous attempts to copy the natural 
catalyst, which relies on a pair of iron atoms 
for its activity, produced catalysts that could 
only tackle relatively weak C-H bonds. 

The latest version, from Eckard Miinck at 
Carnegie Mellon University in Pittsburgh 
and his colleagues, works thousands of times 
faster and breaks the toughest of C-H bonds, 
such as those in cyclohexane. It picks up 
electrons supplied by an electric current, and 
delivers them to the bond to prise the carbon 
and hydrogen atoms apart. 

Although the synthetic di-iron catalyst 
does not match that of bacteria for speed, it 
goes one better by being able to break even 
stronger oxygen-hydrogen bonds. 


CLIMATE CHANGE 


Much travelled dust 


Nature Geosci. doi:10.1038/ngeo474 (2009) 
During the ice ages there was much more 
dust in the air over Antarctica than there is 
now, but its supply was sometimes rapidly 
curtailed. 

David Sugden of the University of 
Edinburgh, UK, and his colleagues suggest 


that an 80,000-year record of the extent of the 
glaciers in Patagonia, the likely source of the 
dust, may explain the uneven pattern of dust 
deposition seen in Antarctic ice cores. 

When the glaciers were extended, their 
sediment-rich discharge flowed out over 
extensive plains. Here, their dusty sediments 
would have been easily mobilized by the 
wind. When the glaciers retreated — as they 
did on occasion, even in an ice age — they 
discharged instead into lakes (pictured 
below), where the sediments simply 
accumulated. Glacier fluctuations correlate 
well with the Antarctic dust record. 


ECOLOGY 
Saving songbirds 


Ecol. Appl. 19, 505-514 (2009) 

The number of birds killed by crashing into 
communication towers could be reduced by 
about 50-70% by simply changing the towers’ 
lighting systems, researchers say. 

Millions of night-migrating songbirds col- 
lide with these towers each year. Joelle Gehring 
of Michigan State University in Lansing and 
her colleagues counted bird carcasses below 21 
similar-sized towers in Michigan during two 
20-day migration periods in 2005. 

Towers with only flashing lights had a mean 
of 3.7 bird kills per season, whereas towers with 
both flashing and steadily burning lights had 
amean of 13. 

As the steady light may attract birds, the 
team suggests that tower operators turn off 
those lights or reprogram them to flash. 
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JOURNAL CLUB 


Anthony J. Ryan 
University of Sheffield, UK 


Achemist welcomes an ingenious 
advance in plastics technology. 


It's arare joy to come across 

a communication that is truly 
concise, with a genuinely surprising 
but ultimately logical result, and 
compellingly modest conclusions 
that could materially benefit our 
society. Anne Hiltner at Case 
Western Reserve University in 
Cleveland, Ohio, and her colleagues 
take two well established facts 

— confined polymers form single 
crystals, and a blend of polymers, 
when stretched and folded by clever 
processing, makes very many thin 
layers — and use them to make 
something novel: a two-polymer 
blend with an oxygen permeability 
100 times lower than either of its 
components (H. Wang et al. Science 
323, 757-760; 2009). 

Plastics are often used in 
packaging as multilayer coatings. 
When each layer is thick, the 
barrier to oxygen is the sum of the 
properties of its components. The 
team found that as the layers were 
stretched, making them thinner, and 
folded back on themselves to make 
many layers, the plastic film became 
an even better oxygen barrier. 

When a polymer crystallizes 
ina confined film it typically 
makes large pancake-like crystals 
around 10 nanometres thick and 
many micrometres across. Using 
simple mathematical models, the 
team showed that the improved 
barrier properties were due to the 
stretched and folded polymers 
forming alternating layers of such 
crystals. The core of each crystal is 
essentially impermeable to oxygen, 
which thus has to go across the 
pancake to find the edge — and at 
each alternate layer it faces another 
impermeable core: like a person 
having to go 1kilometre sideways to 
go 1metre forwards. 

This astounding improvement 
is essentially free and could 
be incorporated into current 
packaging materials at little cost, 
reducing their environmental and 
energy impact. It makes a cold beer 
in a biodegradable plastic bottle a 
distinct possibility — and for me 
that would be a rare joy indeed! 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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Viral outbreak in China 
tests sovernment efforts 


Researchers call for greater focus on surveillance and genomics. 


An outbreak of hand, foot and mouth disease 
in China, which since January has killed 
19 children and made nearly 42,000 ill, has 
researchers calling for a better surveillance 
system to detect the disease and for action to 
speed up vaccine development. 

“The situation of preventing and containing 
hand, foot and mouth disease is very serious 
at the moment,” Deng Haihua, spokesman for 
China’s health ministry, said last week. More 
cases are expected, as the disease normally 
peaks between May and July. In the absence of 
a drug treatment, the ministry is focusing on 
prevention and containment. 

The outbreak is the latest in a series to have 
hit China in recent years, caused by a fast- 
spreading virus called enterovirus 71. “The 
persistence of enterovirus 71 outbreaks in 
China is a wake-up call,” says Jane Cardosa, a 
virologist at the University Malaysia Sarawak 


in Kota Samarahan. In 1997, Sarawak saw the 
first outbreak of hand, foot and mouth disease 
in the Asia-Pacific region. 

The disease causes flu-like symptoms, along 
with rashes on the hands and feet, and mouth 
ulcers. It can be caused by many types of 
human enterovirus belonging to the Picorna- 
viridae family, which are mainly transmitted 
through faecal or oral routes. Although nor- 
mally mild, the disease can be life-threatening: 
some viruses, particularly enterovirus 71, can 
cause inflammation of the brain stem, result- 
ing in heart failure and fluid accumulation in 
the lungs. 

In 1997 in Sarawak, more than 2,600 cases 
of the disease were reported and 29 people 
died. The next year in Taiwan, there were 
129,000 reported cases and 78 deaths. In 
mainland China, the first reported case was 
in Shenzhen, Guangdong province, in 1999. 


China has seen several outbreaks of hand, foot 
and mouth virus in recent years. 


At first, outbreaks were local and there were 
no reported fatalities (L. Li et al. J. Clin. Micro- 
biol. 43, 3835-3839; 2005). But since 2004, the 
outbreaks have become more severe and wide- 
spread, says Xu Wenbo, an infectious-disease 
expert at the Beijing-based China Center for 
Disease Control and Prevention. 


AP PHOTO 


Australian cap-and-trade plan comes under fire 


The Australian government’s proposed 
cap-and-trade scheme to regulate 
greenhouse gases, released in draft legislation 
last month, is facing mounting criticism 
from opposition politicians. Prime Minister 
Kevin Rudd, whose Labor party holds a slim 
majority in the House of Representatives 
and none in the Senate, is under pressure to 
alter the plan or risk defaulting on a promise 
to implement a system by 2010. 


Australian climate-change minister Penny Wong. 
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Opposition leader Malcolm Turnbull 
of the Liberal party has called the scheme 
“irresponsible”, and says it will cost jobs in 
a time of economic crisis. Meanwhile, the 
left-leaning Greens party argues that the 
emissions-reduction target, of 5-15% below 
2000 levels by 2020, is “worse 
than useless”. 

Australia produces less 
than 2% of the world’s 
greenhouse gases, but its 
per-capita emissions are 
among the highest in the 
world and rising (see chart). 
Decisive action from Australia could help 
build momentum for international climate- 
change negotiations in Copenhagen this 
December, says Senator Penny Wong, 
Australia’s minister for climate change 
and water, who spoke on 30 March in 
Washington DC at a talk hosted by the Pew 
Center on Global Climate Change, based 
in Arlington, Virginia. “The best chance 
of an agreement at Copenhagen is for as 
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many countries as possible to act,” she says. 
“Australia is one of those.” 

In November 2007, a wave of public 
concern about climate in drought-ridden 
Australia helped Rudd win office over 
incumbent John Howard. On 10 March 

2009, his government 

released draft legislation 

of an emissions-trading 

scheme that would begin 

on 1 July 2010. 

Under the proposal, the 

roughly 1,000 Australian 

companies that emit 25,000 
or more tonnes of carbon dioxide per year 
or the equivalent in other greenhouse gases 
would be required to obtain permits to 
emit, which could be bought at government 
auctions or traded. The country’s total 
emissions would be controlled by a cap 
intended to achieve reductions by 2020 of at 
least 5% — up to 15% if other nations agree 
to similar targets — with a long-term goal of 
a 60% reduction below 2000 levels by 2050. 


Q&A: STEVE SQUYRES 
Solar System decadal 
survey chair talks priorities. 
www.nature.com/news 


In May 2008, the country’s health ministry 
added hand, foot and mouth to its category 
‘C of notifiable diseases, meaning that all 
diagnosed cases must be reported through a 
national web-based system for disease surveil- 
lance, and took measures to streamline report- 
ing requirements. The ministry also vowed to 


take a tough stance against cover-ups and last 
month sacked four health officials in Henan 
province for concealing the number of infec- 
tions and deaths. 

This year, enterovirus 71 has caused nearly 
all of the laboratory-confirmed cases in two 
hot-spots, the provinces of Henan and Shan- 
dong. Xu suspects that the disease’s increas- 
ing virulence may be due to a genetic change 
in the circulating virus strain. Before 2004, 
the predominant strain was 
called C4b; since then, a dif- 
ferent strain, C4a, has been 
most common (Y. Zhang 
et al. J. Clin. Virol. 44, 262-267; 
2009). 

What caused this switch 
isn't clear, says Xu, as little is known about the 
genetics and transmission trends of the fast- 
mutating virus. Most studies have been clinical, 
aimed at, for example, identifying the strains 
behind a given outbreak and the disease’s clini- 
cal features, especially when there are neuro- 
logical complications. Many researchers say 
it is time to step up efforts to understand the 
basic biology of enterovirus 71 to speed vaccine 
development. 

In a major push financed by the Chinese 
health ministry and the Center for Disease 
Control and Prevention, Xu and his colleagues 


“The persistence 

of enterovirus 71 
outbreaks in China is 
a wake-up call.” 


measured the infection rate in adults and 
children during last year’s outbreak and anal- 
ysed stool samples and throat swabs taken 
from more than 18,000 patients. Prelimi- 
nary results suggest that the infection rate is 
alarmingly high, meaning that there are large 
populations of virus carriers who do not show 
any symptoms of the disease. 

Experts are divided as to how worried the 
world should be about the virus. Tom Solomon, 
a neurologist at the Univer- 
sity of Liverpool, UK, argues 
that enterovirus 71 infection 
is underappreciated on a glo- 
bal scale and may pose a big- 
ger risk to public health than 
is currently thought. But Hans 
Troedsson, the World Health Organization's 
representative in China, says “there is no cause 
for alarm” The public-health impact of hand, 
foot and mouth disease, including cases caused 
by enterovirus 71, is no more serious than other 
common childhood diseases, he says. 

Troedsson thinks that the recent apparent 
increase in enterovirus 71 infection might be 
due to higher reporting rates rather than an 
increase in disease prevalence. “We will closely 
monitor the situation and decide polices 
accordingly,’ he says. a 
Jane Qiu 


SOURCE: UNFCCC NATIONAL GREENHOUSE GAS INVENTORY DATA FOR THE PERIOD 1990-2006 


The plan also offers assistance to certain 
industries, which some opponents argue is 
too generous. As outlined in a government 
white paper released in December, 
emissions-intensive industries vulnerable 
to trade competition would get 60-90% 
free permits in the first year, and coal- 
fired power generators would receive an 
estimated Aus$3.9 billion (US$2.7 billion) 
in assistance over 5 years. Agriculture and 
deforestation, which account for about 27% 
of Australia’s emissions, would not initially 
be included. 

Two Senate committees are due to deliver 
reports reviewing the proposed scheme this 
month and next, and the government hopes 
to push the legislation through parliament 
by June. For the bill to pass, Rudd will need 
support from the Coalition, made up of the 
Liberal and National parties, or the Greens, 
says Andrew Macintosh, associate director 
of the Australian National University’s 
Centre for Climate Law and Policy in 
Canberra. Although some industry 
representatives have opposed the bill, he 
says, others “recognize that this is still a very 
good deal” and could pressure the Liberals 
to accept it. 


But the possibility of delays has 
raised concerns that companies will be 
rushed into auctions if the bill passes 
with a July 2010 timetable, says Brian 
Fisher, chief executive of consulting firm 
Concept Economics in Canberra, who 
worked on climate policy for the Howard 
administration. “Everybody’s now 
panicking that they won't have time to see 
how this thing will work before they're 
forced to buy their first permits,” he says. 
The government should set an initial low 
ceiling on permit prices to test the system 
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and protect export industries, he says. 

Turnbull has argued that Australia 
should not finalize a scheme until after 
the negotiations at Copenhagen and after 
the United States reveals its plans. The 
latter came a step closer this week, as the 
US House of Representatives energy and 
commerce committee was set to release 
a draft cap-and-trade bill as Nature 
went to press. And on 20 March, the 
US Environmental Protection Agency 
submitted a proposed finding to the 
White House, widely thought to state 
that the greenhouse gases are pollutants 
endangering the public’s health. Australia’s 
experiences wrestling with cap-and-trade 
design issues could provide useful lessons 
for the United States as it formulates 
its own system, says Eileen Claussen, 
president of the Pew Center on Global 
Climate Change. 

In Australia, the recent heat wave, 
wildfires and floods point to a need for 
urgent action, says Chris Cocklin, a 
sustainability policy expert at James Cook 
University in Townsville. “Every year we 
wait,’ he says, “it’s justtoodamnlong” 
Roberta Kwok 
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Congress probes NIH stimulus funds 


Scrutiny also aimed at National Children’s Study. 


Hard on the heels of their $10.4-billion gift to 
the US National Institutes of Health (NIH), 
members of Congress have made it clear that 
they will keep close tabs on how the biomedi- 
cal agency spends the money. 

At a 26 March hearing of the House sub- 
committee that funds the $30.3-billion agency, 
Democrats and Republicans grilled top NIH 
officials on how — and by how much — it will 
boost the economy with the $10.4 billion sup- 
plied in February’s economic stimulus package 
(see Nature 457, 942-945; 2009). “With that 
kind of increase, the committee will be watch- 
ing carefully to be sure that the NIH spends it 
ina way that both stimulates the science [and 
creates] high paying jobs across the country,” 
said Jesse Jackson Jr (Democrat, Illinois), who 
chaired the hearing. 

Jackson said he was concerned that the 
abrupt curtailment of the bolus of funds, on 
30 September 2010, could leave many scien- 
tists stranded in a much more difficult funding 
environment. “The Recovery Act funding is a 
double-edged sword,” he said. “The prosperity 
is short-lived.” 

Raynard Kington, acting NIH director, told 
the subcommittee that the agency aims to 
avoid repeating the “not so soft” landing that 
occurred after its budget doubled between 
1998 and 2003, then plateaued. The short-term 
projects slated for the NIH’s stimulus money 
(see ‘Spending power’) include a new category 
announced last week: ‘grand opportunities’ 
grants, aimed at large-scale projects costing 
more than $500,000 per year. The NIH intends 
to fund these at about $200 million in total. 


SPENDING POWER 


The NIH received $10.4 billion in the US 
economic stimulus package. $7.4 billion of 
that will be used by individual institutes, much 
of it on grants already in the applications 
pipeline. The new pot of money many 
scientists are scrambling for is the $800 
million granted to the director's office. Of this, 
roughly $291 million has been committed: 
* Atleast $200 million to Challenge Grants 
* Roughly $91 million to programmes 
including Signature Initiatives, Core 
Centers for Enhancing Research Capacity 
in US Academic Institutions, and summer 
training programmes 
The remaining roughly $509 million will be 
committed later by the director, partly in 
Grand Opportunity Program grants. 


However, Kington concedes, the agency may 
see a rise in grant applications beginning in 
2011 if the stimulus money works as hoped to 
foster new discoveries and accelerate research. 
If that happens, he says, “we believe the suc- 
cess rate may drop at least several points from 
what it has been if we don't have a substantial 
increase in our budget”. 

Republicans on the subcommittee seemed 
sceptical that the stimulus funding would be 
spent on the best science. “Give us some confi- 
dence that, one, this will stimulate the economy 
as intended and, two, that you are not just going 
to be throwing money at new projects that 
hadn't made the [fundable] list before?’ said 


Dennis Rehberg (Republican, Montana). The 


The NIH must detail the economic benefits and number of new jobs it will create with stimulus monies. 
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agency is revisiting 14,000 grant applications 
already in the NIH’s pipeline that were judged 
to be scientifically meritorious but that were not 
funded in its last round of reviews. These may 
now receive funding if they can show potential 
to make progress within two years. 

Kington defended those applications, call- 
ing the projects at “the top, right below our 
funding level”. As for job creation, he says, the 
biomedical agency has estimated that each of 
its grants supports on average “six or seven jobs 
in part or in full”. Pressed further by Rehberg, 
Kington said he would get back to him with 
the exact number of jobs to be created with the 
NIH’s $10.4 billion. Few expect this to be an 
easy number to find (see page 563). 

Also under fire at the same hearing was the 
National Children’s Study, a project first author- 
ized by Congress in 2000 that aims to follow 
environmental and genetic influences on the 
health of 105,000 children from the womb to 
the age of 21. During its planning phase, the 
Bush administration repeatedly tried to kill its 
funding, and Congress repeatedly restored it. 
This year, it is receiving $192 million — up from 
$111 million in 2008. Its seven ‘vanguard’ cen- 
tres, conducting its pilot phase, will all be open 
and beginning to enrol patients this month. 

But shifting numbers on its estimated cost 
have become a political pitfall. Several months 
ago, NIH officials called Todd Tiahrt, the sub- 
committee’s senior Republican, to explain 
that the initial $3-billion-plus price tag on the 
study could end up being double that amount. 
Last week, Kington told Tiahrt that the agency 
had been estimating “a moving target” while 
the study was in the planning stages, and that 
when it became apparent that the study would 
cost more than originally expected, the NIH 
decided not to adjust the estimate upwards 
until the results of the pilot study were in. “That 
was an error in judgement,” Kington says. “We 
have every plan to bring the cost down” 

After the hearing, Duane Alexander, the 
director of the National Institute of Child Health 
and Human Development in Bethesda, Mary- 
land, called the contention that the project’s 
costs had doubled “a myth” During the pilot 
phase of the study, he says, “we have an attrac- 
tive tree to hang ornaments on’, referring to the 
lengthy list of subprojects encompassed by the 
pilot. “There was never any expectation or intent 
that we would be able to fund all that” a 
Meredith Wadman 
See also Party of One, page 563. 
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Sonar mapping ventures into uncharted waters 


Ships cruising the globe may soon be able to 
help scientists to chart seamounts rising from 
the ocean floor. 

Less than 1% of the 47,000 known seamounts 
standing taller than 500 metres have been 
mapped in detail. In 2005, the dangers this 
poses became clear when the nuclear subma- 
rine USS San Francisco, travelling submerged 
about 600 kilometres south of Guam, struck an 
uncharted seamount, damaging the vessel and 
killing a sailor. 

A new system using a basic GPS device cou- 
pled to a computer would allow anything from 
freight ships to pleasure yachts carrying sonar 
to help chart seamounts, which could number 
as high as 200,000, oceanographers say. 

The initiative is an outgrowth of the 
Seamounts ’09 Workshop, held 19-21 March 
at the Scripps Institution of Oceanography in 
La Jolla, California. The idea is to take advan- 
tage of single-beam and multi-beam sonar 
now aboard many vessels. “This is a really cool 
opportunity to take the baby step to image 
these features,’ says meeting chairman Hubert 
Staudigel of Scripps. 

Theoretically, any vessel could gather data 
from regions of interest, but the quality of 
the imaging depends on how deep the ship's 
echo-sounder can probe. The ocean has an 
average depth worldwide of about 4,000 
metres; a typical navigation sonar reads 
only to 1,000 metres, but that means it still 


4, 


Mountains, mountains everywhere: seamounts are less well mapped than the volcanoes of Mars. 


could pick up some tall seamounts. 

Government sonar data are typically 
hoarded for many years. The US Navy, for 
instance, is soon expected to release a massive 
cache of sonar survey data that it has gathered 
over the past few decades, says Christopher 
Fox, director of the National Geophysical 
Data Center in Boulder, Colorado; oceanog- 
raphers hope that it will contain information 
on many unknown seamounts. Google has 
also been pushing for such data to be released 
to incorporate into its Google Ocean feature 
(see Nature 457, 1065; 2009). 


In the meantime, oceanographer David Sand- 
well of Scripps and his colleagues have created a 
program to allow anyone to engage in seamount 
mapping. Soon to be made available online 
(http://topex.ucsd.edu/marine_topo), the pro- 
gram allows people to superimpose the routes 
of research ships over ocean bathymetry data 
that indicate where seamounts may exist. Ships 
steaming near these huge unprobed regions 
could then send in their data for analysis. 

The trick now is to create an easy way to 
access and store the data centrally. | 
Rex Dalton 


Research review boards dogged by criticism 


An undercover investigation 
into the system that regulates 
human experimentation in the 
United States has revealed 
flaws that expose it to ‘unethical 
manipulation’, the Government 
Accountability Office reported 
last week. 

The federal inquiry was launched 
in January 2008 to probe the 
network of institutional review 
boards (IRBs) that oversee 
research using human patients, 
such as clinical trials. The boards 
are often run by universities and 
hospitals, but, with researchers 
clamouring for their proposals 
to be reviewed more quickly, 

a burgeoning industry of 


independent, for-profit IRBs has 
recently emerged. 

Ina hearing before the 
House Committee on Energy 
and Commerce on 26 March, 
government investigators reported 
that they had registered fictitious 
IRBs with the Office for Human 
Research Protections — including 
one called Phaké Medical Devices, 
supposedly based in ‘Paynesville, 
South Carolina’. 

At the hearing, protections 
office director Jerry Menikoff 
noted that the registration of IRBs 
is a simple listing process that does 
not involve background checks. 
That system was recommended 
following a previous inspection of 


the programme, he said. 
Investigators also advertised a 
bogus IRB pledging “fast approvals 
guaranteed”, and naming the 
fictitious board's president after a 
three-legged dog called Trooper. Six 
companies responded to the advert, 
and one attempted to hire the IRB. 
Ina separate arm of the inquiry, 
an intentionally vague research 
protocol was concocted and 
submitted to three real IRBs. The 
proposal called for a litre of a fake 
gel to be poured into the abdominal 
cavity of women to ease recovery 
after surgery. Two of the IRBs 
rejected the proposal outright, 
with one board member calling it 
“the riskiest thing I've ever seen", 
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investigators reported. But one IRB 
approved the protocol unanimously. 
“Our investigation showed the 
current system is highly vulnerable 
to unethical or incompetent actors," 
says Gregory Kutz, managing 
director of forensic audits and 
special investigations at the 
Government Accountability Office. 
The report falls short of 
a comprehensive review of 
independent IRBs but is still 
valuable, says Trudo Lemmens, 
a bioethicist at the University of 
Toronto in Canada. “It's more or less 
anecdotal,” he says, “but it confirms 
that there is a problem in how the 
system is constructed.” | 
Heidi Ledford 
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Fungus farmers show 
way to new drugs 


Ina mutually beneficial symbiosis, leaf-cutting 
ants cultivate fungus gardens, providing both 
a safe home for the fungi and a food source for 
the ants. But this 50-million-year-old relation- 
ship also includes microbes that new research 
shows could help speed the quest to develop 
better antibiotics and biofuels. 

Ten years ago, Cameron Currie, a microbial 
ecologist then at the University of Toronto in 
Ontario, Canada, discovered that leaf-cutting 
ants carry colonies of actinomycete bacteria 
on their bodies (C. R. Currie et al. Nature 398, 
701-704; 1999). The bacteria churn out an anti- 
biotic that protects the ants’ fungal crops from 
associated parasitic fungi (such as 
Escovopsis). On 29 March, Currie, 
Jon Clardy at the Harvard Medi- 
cal School in Boston and their 
colleagues reported that they had 
isolated and purified one of these 
antifungals, which they named 
dentigerumycin, and that it is a chemical that 
has never been previously reported (D.-C. Oh 
et al. Nature Chem. Bio. doi: 10.1038/nchem- 
bio.159; 2009). The antifungal slowed the 
growth of a drug-resistant strain of the fungus 
Candida albicans, which causes yeast infections 
in people. 

Because distinct ant species cultivate dif- 
ferent fungal crops, which in turn fall prey 


“These ants 
are walking 


pharmaceutical 
factories.” 


to specialized parasites, researchers hope 
that they will learn how to make better anti- 
biotics by studying how the bacteria have 
adapted to fight the parasite in an ancient 
evolutionary arms race. “These ants are walk- 
ing pharmaceutical factories,” says Currie, 
now at the University of Wisconsin, Madison. 

That’s not the end to the possible applica- 
tions. The ant colonies are also miniature bio- 
fuel reactors, Currie reported on 25 March at 
the Genomics of Energy & Environment meet- 
ing at the Joint Genome Institute in Walnut 
Creek, California. Each year, ants from a single 
colony harvest up to 400 kilograms of leaves to 
feed their fungal partners. But no 
one has worked out how the fungi 
digest the leaves, because samples 
of fungus grown in petri dishes 
can’t break down cellulose, a tough 
molecule found in plant cells. 
Researchers are keenly interested 
in better ways to break down cellulose, because 
it might allow them to make more efficient bio- 
fuels than those made from sugary foods, such 
as maize (corn). 

So Currie and his colleagues sequenced small 
segments of DNA from bacteria and other 
organisms living in fungus gardens in three 
Panamanian leaf-cutting ant colonies. They 
then compared the DNA against databases to 


identify what species were living in the fungus 
gardens, and what genes they contained. 

This ‘metagenomics approach found that 
there are many species of bacteria in the 
fungus gardens that are capable of breaking 
down cellulose. The team also detected the 
genetic signatures of fungal enzymes that 
can break down cellulose, which raises the 
question of why the fungi can’t break down 
cellulose in the laboratory. 

Currie suggests that the newfound bacte- 
rial and fungal enzymes might be efficient at 
digesting cellulose because they have evolved 
for centuries along with the ant-fungal symbio- 
sis. This could mean that the fungus can only 
break down cellulose in its natural context, or 
that the enzymes Currie detected are brought 
into the colony from outside. “The idea is that 
the ants’ long evolutionary history may help 
us in our own attempts to break down plant 
biomass,” he says. 


M. MOFFETT/FLPA 


Dismissed researcher wins court battle 


One of Germany’s largest research centres 
was wrong to dismiss without notice one 
of its institute directors, a court in Munich 
has ruled. 

The German Research Centre for 
Environmental Health in Munich had 
claimed that the dismissed scientist, 
immunologist Jean-Marie Buerstedde, was 
aggressive with colleagues and failed to 
nurture “relationships based on trust and 
respect” with students in his charge. 

The centre provided the court with a long 
list of incidents involving Buerstedde, which 
describe him shouting insults, displaying 
insensitivity to students’ personal 
difficulties, and forcing colleagues to work 
long hours and weekends. Doctoral students 
who complained about Buerstedde say that 
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they were sometimes reduced to tears. 

Speaking before the court ruling, Norbert 
Blum, the centre’s chief financial officer, 
said: “We have special rules to protect young 
scientists, and Buerstedde broke them 
seriously.” 

Buerstedde says that his style of working 
was needed to remain at the forefront 
of the competitive field of antibody 
hypermutation. He brought a case of unfair 
dismissal against the centre after he was 
sacked without warning on 4 June 2008. He 
says that he was told to clear his desk and 
forbidden to enter the centre’s grounds. 
His access to professional e-mail was cut 
off, he claims, making it difficult for him to 
complete research projects. 

Blum insists that the centre had no 
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intention of preventing Buerstedde finishing 
projects, adding that it had been “necessary 
to remove him from the scene so there would 
beno confrontatiom” He said that the centre’s 
board had been “shocked by the extent of the 
problems caused by [Buerstedde]”. 

But the court ruled that the charges were 
not sufficiently well documented to assess 
the damage done by Buerstedde’s alleged 
behaviour. It added that most of the charges 
did not justify dismissal without the normal 
warnings and meetings, and that the number 
of complaints alone was insufficient to 
dismiss Buerstedde without notice. 

The centre said that owing to staff 
absences, it could not comment on the ruling 
before Nature went to press. Unless the 
centre appeals the decision before the end of 
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Studies of bacteria on 
leaf-cutting ants could 
yield new antibiotics. 


~~ 


Other researchers call Currie’s findings 
interesting, but say they wanted to see a more 
thorough analysis of the data. “It’s interest- 
ing that he found these fungal enzymes in the 
gardens that he didn’t expect [based on] what 
the fungus was capable of doing by itself? says 
John Taylor, a mycologist at the University of 
California, Berkeley. 

Taylor says that Currie’s continued scrutiny 
of the lives of ants provides insights into the 
web of interactions necessary for the survival 
ofany single species. “I think the coolest thing 
about this is that you start with one organism, 
and then you find more and more organisms 
involved in the relationship,” he says. It may 
take a village to raise a child; it seems it also 
takes a village to break down cellulose. 

Erika Check Hayden 


Visit http://tinyurl.com/ddh803 to see Cameron 
Currie discuss his research. 


April, Buerstedde expects to return to work. 

Buerstedde admits that he can be 
impatient, but says that many enjoy working 
with him. One colleague told Nature that 
Buerstedde needed to learn to hold his 
tongue, but that he was appalled at the 
peremptory dismissal. “I didn’t think it was 
possible in a country like Germany that 
someone could be dismissed without being 
given a chance to hear the charges or defend 
himself against them,” said the colleague, 
who did not wish to be identified. 

Some of Buerstedde’s external 
collaborators have also expressed dismay in 
open letters. “I was truly shocked that you... 
have been fired so abruptly,’ wrote David 
Schatz, an immunologist at Yale University 
in New Haven, Connecticut. “It is a blow to 
the integrity of the research process and to 
academic freedom.” 

Alison Abbott 


Quantum stickiness need 
not slow tiny devices. 


Quark statistics shed light 
on Universe's symmetry 


The fundamental asymmetry in the laws of 
physics called charge-parity (CP) violation is 
tiny, yet it looms large enough in physics to 
have led to Nobel prizes on three occasions. 
A persistent puzzle is why the asymmetry is 
so small — some theories imply that it could, 
and perhaps should, be much bigger. Now, 
research"” is bolstering a previous suggestion 
that the smallness is not a mystery, but rather 
an inevitable consequence of another basic 
fact in physics: that the three known families 
of quarks have the masses that they do. 

The findings, by Gary Gibbons and his 
colleagues at the University 
of Cambridge, UK, are 
spurring discussions about 
whether the laws of physics 
are ‘fine-tuned’ — thatis, 
whether the magnitudes of 
various physical constants 
should be considered 
peculiarly unlikely. And 
they hint at the possibility 
of probing physics beyond 
the standard model, which 
describes all the known 
particles and forces at the 
subatomic scale. 

CP violation means 
that some physical laws 
are altered if a subatomic 
particle is exchanged for its 


Kaon decay: keeping track of 
the Universe. 


connected CP violation to the hierarchy of 
quark masses, and suggested a way to work 
out its magnitude. 

That shifted the question to why quark 
families have the masses they do — 
something not explained by the standard 
model, but that could fall out of a deeper, 
as yet unknown theory. In 1998, John 
Donoghue of the University of Massachusetts 
in Amherst suggested? that rather than 
predicting exact masses for specific quarks, 
sucha theory might predict a ‘landscape’ of 
allowed masses, of which those observed 
in this Universe are typical 
examples. 

In a 2006 paper’, he and his 
co-workers showed that, by 
assuming a simple distribution 
of possible values for the quark 
masses, they could calculate 
the range of the most likely 
values of a parameter called J 
that quantifies CP violation. And 
they found the observed value 
fell squarely within that range. 
Gibbons and his colleagues 
now find much the same result 
when they assume a different 
statistical distribution of quark 
masses in the hypothetical 
landscape. “I can only speculate 
why the earlier work went 


antiparticle, and at the same 

time left and right are swapped as in a mirror. 
The very subtle effect was first observed in 
1964 in the way that exotic particles called 
neutral kaons decay. But some theories 
suggest that the asymmetry should be about 
a thousand times bigger than it is, leading 
scientists to wonder whether some unknown 
physical principle keeps the effect so small. 
Gibbons and his colleagues now suggest that 
the magnitude of the CP violation is just what 
should be expected given the observed masses 
of quarks (which make up protons, neutrons 
and other weighty particles). 

The link between CP violation and quark 
mass is well known. In work that won them 
last year's physics Nobel, Japanese physicists 
Makoto Kobayashi and Toshihide Maskawa 
showed in 1973 that CP violations are 
inevitable if there are more than two types 
of quark (and corresponding antiquarks) 
that have different masses. Their finding 
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largely unseen,” says Max 
Tegmark of the Massachusetts Institute of 
Technology in Cambridge. 

Tegmark says the work is “very interesting", 
but others disagree about its significance. 
Physicist Alexei Grinbaum of CEA-Saclay in 
Gif-sur-Yvette, France, says that the results 
do not dismiss the fine-tuning issue, but just 
shift the responsibility for fine-tuning to the 
hierarchy of quark masses. Particle physicist 
Graham Ross of the University of Oxford, UK, 
agrees with that, but also feels that the mass 
hierarchy can itself by explained by symmetry 
arguments — so there is no great mystery in 
the first place. 

Philip Ball 
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Retracted paper rattles Korean science 


Authors disagree over work aimed at gene therapy for diabetes. 


Nature this week is retracting a 2000 paper that 
promised an advance in diabetes treatment 
using gene therapy. Confusion surrounding 
the paper, including allegations about fraudu- 
lent data, continues to afflict the South Korean 
science community. 

The paper's authors, led by Hyun Chul Lee 
of Yonsei University in Seoul, claimed to have 
created a treatment for type 1 diabetes, a condi- 
tion in which the immune system destroys the 
insulin-producing cells needed to regulate glu- 
cose levels. Lee’s team used a recombinant virus 
to introduce a gene for an insulin analogue into 
diabetic rats and mice, which was expressed in 
response to blood glucose levels and alleviated 
symptoms. The team suggested the treatment 
could be adapted for humans (H. C. Lee et al. 
Nature 408, 483-488; 2000). 

Now, having yet to repeat the experiment, 
Lee has asked Nature to retract the paper (see 
page 660). “I don’t know the reason why the 
experiments are not reproducible,’ says Lee. 
He suggests that the original gene construct, 
pLPK-SIA — a combination of the virus vector, 
the insulin analogue and a promoter that regu- 
lates the expression of the analogue in response 
to glucose levels — might have mutated after 
the original experiment. 

The background to the retraction is conten- 
tious. A researcher who joined the laboratory 
in 2001 tried and failed to initiate preclini- 
cal trials in bigger animals such as dogs and 
monkeys. But the researcher, who does not 
want to be identified for fear that acting as a 
whistleblower could harm his career, says he 
didn’t find any pLPK-SIA in the laboratory, so 
with another researcher in the lab he tried to 
remake it according to the methods section 
from the original paper. Lacking essential 
ingredients, they eventually gave up. 

The anonymous researcher says one of the 
paper’s authors, Su-Jin Kim, who created the 
gene construct before moving to the Univer- 
sity of Calgary in Canada, refused to send him 
samples. Kim says she deferred on this matter 
to her new boss, Ji- Won Yoon. The researcher, 
however, says that in e-mail exchanges, Yoon 
told him to ask Kim for samples. Yoon, also a 
co-author on the Nature paper, died in 2006. 

Lee fired the anonymous researcher in 
August 2005, citing unhappiness with his work. 
Lee says that in 2008 the researcher threatened 
to disclose faults in the paper unless given 
money, grants and a new job. The researcher 
admits that he asked for a new position 
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A retracted paper suggested that gene therapy could be used to treat type 1 diabetes. 


as compensation for losing what he calls 
four-and-a-half years trying to reproduce the 
results. He alleges that he was fired after advis- 
ing Lee to retract the paper, which Lee denies. 

In April 2008, Yonsei University started an 
investigation, chaired by chemist Won- Yong 
Lee. On 30 December the committee recom- 
mended a retraction based on multiple points, 
including the apparent duplication of figures 
and the fact that it could not confirm the key 
construct existed when the experiment was car- 
ried out. Won- Yong Lee says that the committee 
members examined Kim’ lab notes and thesis, 
and alleges that “the duplication was more than 
a simple mistake’, including the reuse of data as 
well as cutting, pasting and otherwise adjusting 
figures. In addition, “the pLPK-SIA found in the 
laboratory and deposited at a cell-line bank had 
mutations that would make the plasmid non- 
functional’, Won- Yong Lee wrote in an e-mail 
to Nature’s news team. 

The committee says that Kim and Yoon tried 
to reproduce the experiments; Kim, who is now 
at the University of British Columbia in Vancou- 
ver, says she did not, and didn’t know there was 
a problem until last year. She says she has some 
of the pLPK-SIA and that the problems with 
figures were probably a mistake made when 
forwarding to colleagues, or in labelling. She 
faults the committee for choosing “to rely on the 
memory of witnesses who were testifying about 
experiments that took place 8-10 years ago”. Kim 
refused to sign the retraction letter, calling the 
original experiment a success, based on lab notes. 
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She also filed an injunction, currently under 
consideration in the Seoul District Court, to 
prevent the university releasing its full report. 

Nature's policy is that it will permit retraction 
of a paper without the sign-on of all authors, 
while making clear which authors disagree 
with the retraction. A Nature spokesperson 
notes that underlying problems with a paper, 
if they exist, can be difficult to detect through 
standard peer review. 

Won- Yong Lee says that the university ethics 
committee will decide whether any of the 
researchers involved will be censured after the 
court reaches a decision, expected within a few 
months, regarding the injunction. 

The anonymous researcher faults the com- 
mittee for, in his view, refusing to investigate 
several other alleged problems with the paper. 
Two months ago, he sent a letter of complaint to 
the Korea Research Foundation, which funded 
the research, but has yet to hear back. “Yonsei 
University investigated into the case in a way 
that generated minimal damage against Yonsei 
University,’ he comments. Won- Yong Lee disa- 
grees strongly, saying that the committee had 
members from other institutions that had no 
vested interest in protecting Yonsei University 
or Hyun Chul Lee. 

The researcher and Kim agree that reproduc- 
ing the experiment would resolve the situation. 
Kim says she will ask her current boss to share 
pLPK-SIA samples with other researchers to 
do just that. a 
David Cyranoski 
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SOURCE: TOWARDS A GLOBAL GREEN RECOVERY 


Climate experts urge G20 
to make stimulus green 


Climate-change analysts have urged leaders 
of the world’s largest economies to invest 
more of their stimulus packages in reducing 
greenhouse-gas emissions. 

Ottmar Edenhofer, co-chair of the 
Intergovernmental Panel on Climate 
Change, and Nicholas Stern, chair of the 
Grantham Research Institute on Climate 
Change and the Environment at the London 
School of Economics and Political Science, 
are aiming their report, Towards a Global 
Green Recovery, at politicians attending the 
G20 summit in London on 2 April. 

The report estimates that almost 
$400 billion of the total $2,610 billion in 
economic-stimulus packages unveiled so far 
by the G20 nations has been earmarked for 
green measures such as renewable-energy 
projects (see chart). China says it will devote 
almost 35% of its stimulus spending (about 
$200 billion) on green projects in 2009 and 
2010, and South Korea plans to devote more 
than 80% of its $38-billion stimulus on 
green measures in the next four years. 

For more G20 coverage see 
www.nature.com/news. 


G20 GREEN STIMULUS 
Sa? 
Other* 
$26.0 billion 


China 
$200.8 billion 


Germany 
$13.8 billion 


South Korea 
$30.7 billion 


US 
$112.2 billion 


*Excluding Brazil, Russia, South Africa and Turkey 


Geometric work secures 
top maths prize 


Mikhail Gromoy won the 6-million- 
Norwegian-kroner (US$900,000) Abel Prize 
last week for his work on advanced forms 

of geometry. The Russian expatriate holds 
appointments at the Institute of Advanced 
Scientific Studies outside Paris and the 
Courant Institute of Mathematical Sciences 
at New York University. The Abel committee 
cited Gromov for his contributions to the 
study of Riemannian geometry, symplectic 
geometry and group theory. 

Gromoyv is “renowned among 
mathematicians for his original approach’, 
says Ian Stewart, a mathematician at the 
University of Warwick, UK, and his work 
has guided many other mathematicians and 
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Grazing limits effects of ocean fertilization 


Preliminary results from a 
controversial Indo-German 
ocean fertilization experiment 
(LOHAFEX) have cast doubt 
on whether stimulating 
algal growth can help the 
sea sequester substantial 
amounts of carbon dioxide. 
Earlier this year, researchers 
aboard the German research 
vessel Polarstern (pictured) 
poured 20 tonnes of iron 
sulphate over a 300-square- 
kilometre area of the Southern 
Ocean around the Antarctic 
(see Nature 457, 243; 2009). 


ALFRED-WEGENER-INST. 


However, grazing by small crustaceans prevented blooms from growing as much as some 
had hoped, according to Germany's Alfred Wegener Institute for Polar and Marine Research in 
Bremerhaven, one of the experiment's backers. Furthermore, a lack of silicic acid in the water 
restricted the growth of diatom plankton, which are more resistant to predation than the algae. 
The fertilization therefore removed only a “modest amount” of carbon from the environment. 


physicists. The Abel Prize was founded in 
2003 by the Norwegian Academy of Science 
and Letters to complement the Nobel 
prizes, which do not reward work in pure 
mathematics. 

For a longer version of this story, 

see http://tinyurl.com/abelprize. 


Drug patent pools 
start to take shape 


GlaxoSmithKline, the world’s second- 

largest pharmaceutical company in terms 

of sales, has fleshed out proposals outlined 

last month to create a pool for companies to 

share patents to boost research into neglected 

diseases (see Nature 457, 1064-1065; 2009). 
The company says that it will put some 

500 patents and 300 pending applications 

into the pool, and has confirmed that on 

1 April it will cut the price ofits drugs in 

the world’s 50 poorest countries to no more 

than 25% of prices in the developed world. 
On 24 March, Ivan Lewis, the UK minister 

for international development, called 

for other pharmaceutical companies to 

contribute to both GlaxoSmithKline’s patent 

pool and another pool for AIDS drugs 

that is being established by UNITAID, an 

international organization that negotiates 

lower drug prices. 


Gates supports Chinese 
tuberculosis drive 


China this week announced new measures to 
tackle its growing problem with tuberculosis 
(TB). On 1 April, health minister Chen Zhu 
and Bill Gates announced a partnership, 
supported by a 5-year US$33-million grant 
from the Bill & Melinda Gates Foundation, 
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to pilot new diagnostic tests, monitoring 
strategies and treatments for the disease. The 
Chinese government will scale up the most 
effective of these trials. 

A day earlier, the Chinese Academy of 
Sciences and the Gates-supported Global 
Alliance for TB Drug Development signed 
a partnership to search for anti-TB drugs 
among Chinese herbal medicines. 

The announcements came at the start ofa 
three-day meeting in Beijing, organized by 
the World Health Organization, where health 
officials from 27 countries are discussing 
how to control multidrug-resistant TB. 


Fossils protected in US 
land legislation 


After nearly 20 years, US scientists have 
won approval for a law that seeks to protect 
vertebrate fossils found on federal lands. 

The US Vertebrate Paleontological 
Resources Preservation Act was included 
in omnibus land-management legislation 
signed into law on 30 March by President 
Barack Obama. 

The bill means a permit is needed to collect 
any scientifically significant vertebrate 
fossil, officials say. But it would allow ‘casual 
collecting’ of common fossils. Details of how 
the law will be applied are yet to be finalized. 

Officials at the Society of Vertebrate 
Paleontology have pushed for the legislation 
because of the widespread practice of 
commercial collecting, where important 
specimens may be sold and not recorded in 
the scientific literature. 


Correction 

The article ‘Supplanting the old media?’ (Nature 458, 
274-277, 2009) incorrectly stated the web traffic received 
by Derek Lowe's blog, In the Pipeline. The blog receives 
around 200,000 page views each month, not each week. 


Mean what you say 


Promises about job creation in the US stimulus bill 
may be coming home to roost, says David Goldston. 


cientists may be about to learn an impor- 

tant, and perhaps surprising, lesson about 

Washington: words matter. Rhetorical 
strategies crafted to push a particular bill affect 
expectations about the impact of that measure 
and can take ona life of their own. The stimulus 
package that became law in February, and will 
provide more than US$21 billion for research 
and development, is a case in point. 

The Obama administration, Congress and 
advocacy groups sold the stimulus package 
to each other and to the public primarily as a 
way to create and retain jobs in the near future. 
The research funding in the bill was no excep- 
tion, even though it was understood it could 
also promote longer-term economic growth. 
Congressman Rush Holt (Democrat, New 
Jersey), a physicist and a strong advocate for 
the research spending in the package, made 
the political linkage between research and 
jobs clear when he spoke at a conference on 
R&D priorities in Washington DC last month. 
Holt said that the Democratic leadership had 
asked for data showing the impact the research 
spending would have on jobs before agreeing to 
up the funding for science agencies in the bill. 
Such data, he said, were not readily available, 
although after some scrambling, agencies were 
able to cobble together rough figures sufficient 
to carry the day. 

But the data question is not about to go away. 
Indeed, the stimulus bill (now the Recovery 
Act) means that gathering data on the short- 
term impact of research spending on jobs is 
about to become a preoccupation of the fed- 
eral science agencies and their beneficiaries. 
Under the act, each grant recipient is required 
to report to the government quarterly on 
the number of jobs created and the number 
retained as a result of the stimulus money. 
The White House Office of Management 
and Budget is developing guidelines that will 
govern exactly how this information will be 
calculated, gathered and made public. But it’s 
already clear that the reporting will probably 
go beyond existing efforts, in which agencies 
collect information, at most, about how many 
individuals were supported by a grant. 

There’ an old saying that what you measure 
is what you get. So, will this focus on near-term 
job creation change the way science agen- 
cies go about their business or how they’re 
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evaluated? It could. At a recent hearing of the 
House Committee on Science and Technology, 
Congresswoman Kathy Dahlkemper, a first- 
term Democrat from an economically hard- 
hit section of Pennsylvania, asked whether 
science agencies were “taking into considera- 
tion what areas of the country have the greatest 
need for job creation” when awarding stimulus 
funds. This would be a poor way to distribute 
the stimulus money, but it’s not a ridiculous 
question to ask about a law that was explicitly 
presented as a way to create jobs now. 

And the agencies’ answers showed how 
much the rhetoric around the law is shaping 
their actions and how much fodder could end 
up being provided for future debates. Cora 
Marrett of the National Science Foundation 
(NSF) said her agency had mapped out where 
proposals already in hand that could be con- 
sidered under the Recovery Act had come 
from, and that the NSF wanted to be sure it 
was “addressing needs, as those might vary 
across the country”. Matthew Rogers of the 
Department of Energy said that “every dollar 
under the Recovery Act is associated with” a 
specific number of jobs, a state and an impact, 
adding that job creation and retention would 
be tracked by congressional district. 

Concern about the geographical distribution 
of research funding is not new; whether federal 
dollars would flow almost exclusively to old- 
line Northeastern universities was a subject 
of debate when Congress created the NSF in 
1950. And complaints about the geographical 
concentration of federal science money have 
been among the justifications for congressional 
earmarks — money Congress directs to specific 
projects at locations or institutions it selects. 
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Indeed, the number of academic earmarks 
has skyrocketed in part because of a previous 
rhetorical gambit. In the 1980s, the scientific 
community began describing universities as 
economic development tools because money 
was being handed out to spur ‘competitiveness. 
But associating individual grants with specific 
metrics about employment and considering 
near-term job creation as a rationale, or even 
a criterion, for making awards takes this line 
of thinking further than it’s ever gone before. 
And all the information on jobs will be readily 
available on the web, displayed to a public that 
is in a sceptical and populist mood in the wake 
of bonus payouts to financial companies. 

The Recovery Act is also prompting efforts 
to develop more rigorous economic analysis 
of the impact of science spending on jobs. The 
NSF’s Science of Science and Innovation Pol- 
icy Program has issued a call for proposals for 
research to evaluate the impact of the stimulus 
bill including such questions as: “What was 
the contribution of the science investment 
to the creation and retention of jobs?” (In the 
worst-case scenario, the lack of data about job 
creation will be replaced by clashing economic 
theories about it.) 

Immediate job creation will not be the sole 
measure of the success or failure of the stimulus 
package, although it will no doubt be the most 
politically salient metric. But even broader 
means of evaluating the Recovery Act have a 
short-term focus because of the way the bill 
was sold. At the science committee hearing, 
Brad Miller, the North Carolina Democrat who 
chaired the session, said that “when the stimulus 
funds run out next year’, Congress will want to 
know “did they provide investments needed to 
increase economic efficiency, by spurring tech- 
nological advances in science and health”. That 
may not be easy to know after just two years. 
The NSF research programme is also interested 
in proposals exploring “what scientific or tech- 
nological advances” were achieved with the 
stimulus funds, but doesn’t necessarily expect 
such advances to show up immediately. 

It's obviously too soon to know whether the 
stimulus experience will change the way science 
funding is viewed in a significant or lasting way. 
And the pressures will vary depending on each 
agency's mission. But it is soon enough to con- 
clude that the stimulus debate has underscored 
the importance of an oft-forgotten lesson in 
Washington: when you come up with a line of 
argument, think about what would happen if 
people actually believed you. a 
David Goldston is a visiting lecturer at 
Harvard University's Center for the 
Environment. Reach him at 
partyofonecolumn@gmail.com 
See also page 556. 
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ONE HUNDRED 
YEARS OF RITA 


From a home lab to the Italian Senate, by way of 
nerve growth factor — Rita Levi-Montalcini is 
a scientist like no other. Alison Abbott 
meets the first Nobel prizewinner 

set to reach her hundredth birthday. 
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iny though she is, Rita Levi-Montalcini 

tends to command attention. And on 

the morning of 18 November 2006, she 

had the attention of the entire Italian 
government. A senator for life, Levi- Montalcini 
held the deciding vote on a budget backed by 
the government of Romano Prodi, which held 
a parliamentary majority of just one. 

A few days earlier, Levi-Montalcini had said 
she would withdraw her support for the budget 
unless the government reversed a last-minute 
decision to sacrifice science funds. It was Levi- 
Montalcini versus Prodi — and Levi-Montalcini 
won. On the morning of the vote, immaculately 
turned out as always, she walked regally on the 
arm of an usher to her seat in the Italian senate 
and cast her vote. At one stroke, she secured 
the budget, won a battle for Italian science and 
snubbed Francesco Storace, leader of the Right 
party and part of the opposition coalition. A 
few weeks earlier, Storace had caused a national 
scandal by announcing his intention to send 
crutches to Levi-Montalcini’s home — symbolic 
of her both being a crutch to an ailing govern- 
ment, he said, and her age, which he considered 
too old to be allowed to vote. 

Levi-Montalcini didn’t consider herself too 
old then, when she was 97 years old, and she 
certainly doesn’t now when, on 22 April, she 
will become the first Nobel laureate to reach the 
age of 100. Italy — and quite possibly the world 
— has never seen a scientist quite like her. 

Born into a well-to-do Jewish family in 
Turin in 1909, Levi-Montalcini fought hard 
for her career from the beginning. First there 
was her domineering father, who didn't believe 
in higher education for women. Then there 
were Benito Mussolini’s race laws, which 
ejected Jews from universities and forced her 
into hiding. And after that there was the sci- 
entific establishment, which refused to believe 
in the existence of nerve growth factor (NGF), 
the discovery of which eventually won Levi- 
Montalcini a share of the 1986 Nobel Prize 
in Physiology or Medicine, together with 
her colleague Stanley Cohen. “That discov- 
ery was huge — it opened up a whole field 
in understanding how cells talk and listen to 
each other,” says neuroscientist Bill Mobley of 
Stanford University in California, an admirer 
for more than 30 years. Hundreds of growth 
factors are now known to exist and they affect 
almost all facets of biology. 

Despite her age, Levi- Montalcini still works 
every day, exquisitely dressed, hair stylishly 
coiffured, hands perfectly manicured. In 
the mornings she shows up at her namesake 
European Brain Research Institute (EBRI)- 
Rita Levi-Montalcini, on the outskirts of 
Rome. In the afternoons she goes downtown 
to the offices of an educational foundation for 


African women that she created in 1992. 

Turning 100 is no reason to stop fighting. 
“Tt’s not enough what I did in the past — there 
is also the future,” Levi-Montalcini says. She 
has never hesitated to use her Senate position 
to push for better scientific prospects in the 
country. And today she has something even 
closer to her heart to fight for — the survival of 
the EBRI, which she created in 2002 and which 
is now in financial straits. 

Levi-Montalcini spent a large part of her 
research career in the United States. But her 
early, and late, scientific life has been based 
in Italy. Three years after leaving high school, 
she finally persuaded her father to allow her 
to study medicine, and in 1930 she enrolled at 
the University of Turin. Her first mentor was 
Giuseppe Levi, a prominent neurohistologist. 
In her autobiography In Praise of Imperfec- 
tion, Levi-Montalcini refers to him as 
“the Master” — he was an outspo- 
ken antifascist, renowned for his 
alarming fits of rage. But he was 
also the man who introduced 
her to her first passion: the 
developing nervous sys- 
tem. Under Levi's atten- 
tive eye, she mastered a 
technique that would be 
key to her own successes, 
that of silver-staining 
nerve cells. Developed by 
Camillo Golgi in the late 
nineteenth century and 
later refined by the Span- 
ish neuroscientist Santiago 
Ramén y Cajal, the technique 
allowed individual nerves to be 
seen under the microscope 
with perfect clarity. 

Levi-Montalcini’s inde- 
pendent research started 


Growing up, Levi-Montalcini 
fought her father to be able to 
attend medical school. 
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reduced the size of the ganglia, tiny structures 
that cluster together the nerve fibres emerg- 
ing from the spinal cord and direct them on 
to their final destinations. He put this atro- 
phy down to the absence of what he called 
an inductive factor released by the tissue to 
be innervated and, he proposed, necessary to 
make precursor cells proliferate and then dif- 
ferentiate into neurons. 


Detailed dissections 

Hamburger, though, could not see the nerve 
fibres in great detail using the light micro- 
scope. So Levi-Montalcini decided to repeat 
the experiment with the silver-staining 
method. Like Cajal, she reasoned she would 
need little more than an incubator and a 
microscope — and a regular supply of ferti- 
lized hen’s eggs. Using tiny scalpels and 
spatulas fashioned out of sewing 
needles to do her dissections, she 
saw that the ganglia did not, in 
fact, wither immediately. The 
neurons actually proliferated, 
differentiated and started to 
grow towards their targets. 
It was just that they died 
| before reaching them. She 
| concluded that the prob- 
1| lem was not the lack of an 
inductive factor, but of a 
growth-promoting one that 
would normally be released 

by the budding limbs”. 
Towards the end of 1942, 
bombing forced the Levi-Mon- 
talcini family to move into the 
countryside, where she continued her 
research undaunted, cycling 
to farms to buy fertilized eggs. 
She stopped only when Italy 
switched allegiance to the 


when Mussolini's race laws 
were passed in 1938, and all Jews were expelled 
from universities and other public institu- 
tions (Levi, too, was thrown out). Inspired by 
the story of Cajal, who had worked alone in 
a makeshift lab in out-of-the-way Valencia, 
she set up a bedroom laboratory at her family 
home. When Levi returned to Turin some time 
later, he joined her at her bedroom bench. 
She had already identified her research 
challenge: to work out how nerves emerg- 
ing from the embryos developing spinal cord 
find their way to the budding limbs they will 
eventually innervate. She had recently come 
across an exciting paper’ published a few years 
earlier by embryologist Viktor Hamburger at 
Washington University in St Louis, Missouri. 
Hamburger had removed the growing limbs 
of chick embryos and found that doing so 
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Allies in 1943, and Hitler’s 
troops invaded northern Italy. 

After the war, Levi-Montalcini returned to 
Turin as Levi's assistant. But at 36, the role no 
longer suited her — after all, he had been an 
occasional assistant to her in the days of her 
bedroom lab. She found her way out when 
Hamburger, who had read the papers she had 
published with Levi during the war, invited her 
to St Louis for a semester to repeat and extend 
her experiments. 

Just as she was doing those experiments, 
something happened that extended her stay in 
St Louis from one semester to 26 years. One of 
Hamburger’s graduate students, Elmer Bueker, 
was trying to see if any piece of fast-growing 
tissue could attract nerve fibres in the same 
way that fast-growing developing limbs do. He 
grafted a lump of proliferating mouse sarcoma 
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tumour onto a chick embryo and found that 
nerve fibres grew and invaded the tumour 
mass more abundantly than the limb bud. He 
postulated that the greater surface area of the 
tumour allowed more nerves to grow up to it. 

Levi-Montalcini is renowned for her excep- 
tional intuition, and Bueker’s experiment made 
her antennae vibrate. To her eye, the invasion 
did not look quite right. Although nerves 
grow into developing limbs in an orderly way, 
their growth into the tumour was massive 
and wild, with the fibres branching randomly. 
She became convinced that the transplanted 
tumour tissue was releasing the same sort 
of factor she claimed the developing limbs 
released, a factor able to diffuse to the ganglia 
and stimulate the growth of nerve fibres. 


Inspired insight 

She repeated the experiment, ingeniously 
placing the tumour outside the sac contain- 
ing the embryo. This area, although physically 
separate, shares the embryos blood supply. It 
was a killer experiment. Nerves sprouted and 
grew wildly, supporting her theory that the 
tumour was releasing a factor that diffused 
into the blood and travelled to the embryo’. 
“She realized there was another way to inter- 
pret the data, and she knew what had to be 
done,” says Lloyd Greene, who studies neu- 
ronal differentiation at Columbia University 
in New York, and has known Levi-Montalcini 
since he was a student. 

But to really prove her point, Levi-Montal- 
cini needed a system that was more reliable 
and flexible than the fertilized egg, and one 
that would allow her to quantify the responses 
she was measuring. She wanted to learn how 
to culture isolated chick-embryo ganglia, and 
knew of only one laboratory that could do so. 
So she put two live, tumour-riddled white mice 
into her handbag and boarded a plane for Rio 
de Janeiro, where another of Levi’s former stu- 
dents was running a big tissue-culture facility. 

In Rio she learned to culture isolated ganglia 
and she grew them close to pieces of mouse 
sarcoma. After 24 hours of culture, she was 
thrilled to see haloes of nerve fibres growing 


566 


Levi-Montalcini worked at Washington 
University through the 1950s (left) and 1960s 
(middle). In 1986, she and Stanley Cohen (seated 
either side of table) were awarded a Nobel prize. 


from the ganglia like suns, with their highest 
density facing the tumour. Her many letters to 
Hamburger include beautiful drawings of the 
haloes. Levi-Montalcini’s strong artistic bent is 
also evident in her research papers, which she 
illustrated by hand, and in the clothes that she 
designs for herself. 

By the time she returned from Rio, Cohen 
had joined the Hamburger group. The pair 
worked together for six years trying to identify 


Halo effect: Levi-Montalcini found that a growth 
factor causes nerves to sprout from chick ganglia. 


the factor released by the tumour. Both were 
determined to provide the sceptical scientific 
community with solid chemical evidence that 
the nerve-promoting factor was a reality. But 
scepticism only increased when Cohen and 
Levi-Montalcini proposed that snake venom 
and extracts of mouse salivary glands, both of 
which also promoted profuse nerve growth, 
were abundant sources of the factor they were 
seeking. 

For many scientists, it required too great 
a leap of the imagination to believe in this 
unlikely soluble factor, which was supposed 
to diffuse from one tissue and then potently 
affect specific processes in nerves. “You have 
to remember that such a mode of biological 
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action was not accepted in those days,” recalls 
Ralph Bradshaw, who joined Washington 
University in 1969 as its first protein chem- 
ist and is now at the University of California, 
San Francisco. “And Rita was saying it was in 
tumours, snake venom, as well as many nor- 
mal tissues — well, people just didn’t believe 
it was serious biology.” 

More people started to believe when Cohen 
discovered another, related factor that was 
later called epidermal growth factor*. Then, 
in 1959, Levi-Montalcini developed with him 
an antiserum to purified NGF. The antiserum 
abolished the in vitro halo, and wiped out the 
relevant part of the nervous system when 
injected into newborn mice’. The last remain- 
ing pockets of scepticism in the scientific com- 
munity dissolved when Bradshaw, together 
with Ruth Hogue Angeletti, the only PhD stu- 
dent Levi-Montalcini ever had, determined the 
structure of the protein in 1971 using one of 
the first automated protein sequencers’. “Rita 
didn’t put her name on the paper as we would 
have expected someone in her position to do,” 
says Bradshaw. “A typical Rita gesture.” 

Although Levi-Montalcini loved the scien- 
tific atmosphere in the United States, she was 
always homesick for Italy and for her fam- 
ily. In the early 1960s, she began to split her 
time between St Louis and Rome, where the 
CNR, Italy’s major research organization, cre- 
ated a laboratory for her. Her working style 
was relentless, demanding and passionate. In 
the decades in which her research was most 
intense, she would call her co-workers before 
seven in the morning as well as last thing at 
night to discuss experiments. Angeletti refers 
to the regime as inspiring rather than brutal. 
“Even as a highly motivated young American 
I had never before observed this kind of dedi- 
cation,” she says. “I realize how lucky I was to 
work with someone so brilliant, expansive and 
generous of spirit.” 

When the study of growth factors finally 
became respectable and other scientists flooded 
into the area, rather than being gratified, Levi- 
Montalcini was annoyed by the invasion of what 
she saw as her territory. “She fell out with most 
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"People in the NGF field at one time or another 


— including myself? recalls Bradshaw. At meet- 
ings, she had a tendency to educate audiences 
on the order in which discoveries had been 
made, recalls Greene. After one of his own 
talks, hers was the first hand raised. “It was not 
a question, but along statement about NGF and 
its history,’ he says. “As she spoke, she little-by- 
little made her way to the stage and the podium, 
and the next thing I knew, she was next to me 
at the microphone still asking her ‘question.” 
Under the circumstances, he says, he could do 
no more than “step aside, cede the microphone 
to her, raise my eyebrows and let her finish”. 


Peacemaker 

In the early 1980s, Levi-Montalcini started to 
bury the hatchet with everyone in the field, 
says Bradshaw. Their own quarrel — over a 
paper he had published without showing her 
first — was patched up when she took him 
aside for a chat at a meeting. “It ended what 
had been a strained and difficult time for me; 
says Bradshaw. “But Rita had to endure a great 
deal of scepticism in the early days and there 
were times when she was justifiably defensive.” 
Her later discoveries faced no such scepticism. 
She showed, for example, that NGF had major 
effects on the immune system, yet another 
unexpected finding that became a major turn- 
ing point in biology’. 

By the time she and Cohen were awarded 
the Nobel prize, considerable peace had been 
achieved. But controversy picked up again in 
the wake of the award. Some were upset by what 
they sawas her failure to acknowledge her debt 
to others, such as Levi and Hamburger. Ham- 
burger, who lived to be 100, claimed that their 
friendship suffered after she explained publicly 
why he should not have shared the prize with 
her as some had thought appropriate. 

But such criticism gained no traction in Italy, 
where Levi-Montalcini had by now settled 
permanently. Many viewed her as a national 
treasure for her achievements, outsize person- 
ality, energy and eloquence. Her CNR institute 
became one of the largest biological research 
centres in the country. She also took it on 


Levi-Montalcini has published 21 popular books 
and continues to work at her namesake brain 
research institute in Italy (right). 


herself to work at all levels to improve the state 
of Italian science. A socialist by lifelong convic- 
tion, she became good friends with Prodi, who 
had been prime minister in two centre-left gov- 
ernments. After she was made senator for life 
in 2001, she showed up for every parliamentary 
vote to support Prodi’s fragile coalitions. 

She also champions social issues related to 
research, such as ethics and women in science. 
The Rita Levi Montalcini Foundation has sup- 
ported education for more than 6,000 African 
women — “to improve their 
chances of becoming scien- 
tists’, she says. A keen writer, 
she has published 21 popular 
books. As a young bookworm, 
her favourite among the clas- 
sics was Emily Bronté’s tale 
of dark passion, Wuthering 
Heights. Such romantic incli- 
nations remained literary 
though — despite a brief engagement while at 
medical school, she never had any long-term 
romances. Ina 1988 interview with Omni maga- 
zine she said, tellingly, that even in a marriage of 
two brilliant people, “one might resent the other 
being more successful”. 

One of her remaining desires has been to 
leave as a legacy a well-run research institute of 
international significance in her country, where 
underfunding, inefficiency and bureaucracy 
have crippled much of the state research sys- 
tem. The Santa Lucia Institute in Rome, keen 
to expand its own research activities, offered 
rent-free premises for the first ten years of her 
neuroscience institute. But the EBRI is now 
looking shaky. Levi-Montalcini expected the 
government to make funds available for run- 
ning the institute, but in the event the Prodi 
government provided only a one-off dona- 
tion of €3 million (US$4 million) just before 
its demise one year ago — and no other major 
donor was found. The right-wing government 
of Silvio Berlusconi has shown little interest in 
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“If | die tomorrow or 
in a year, it is the same 
— itis the message 


you leave behind you 
that counts.” 
— Rita Levi-Montalcini 
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research and the name Levi-Montalcini cuts no 
ice with it. 

The EBRI, which now has a staff of 28, runs 
with an annual deficit of €200,000. Earlier this 
year, University of Turin neuroscientist Pier- 
giorgio Strata took over as scientific director 
with a mandate to turn things around. “We 
need maybe €3 million per year to survive,” says 
Strata, who is confident that hell be successful. 
The ever-determined Levi-Montalcini puts her 
trust in him. “I’m an optimist,’ she says. “T still 
hope we can find a way to carry on.” 

Levi-Montalcini is now hard of hearing 
and sees poorly, but her mind is sharp. At the 
EBRI she runs a research project to see how 
far back NGF goes in evolu- 
tion. Several young scientists 
are helping by trying to find 
out whether the factor exists 
in a series of invertebrates. 
They are gratified to be able 
to speak with her most days. 
“She is an inspiration for us,” 
says Francesca Paoletti, one of 
the postdocs working there. 

And they, in turn, make her happy. “Iam not 
afraid of death — I am privileged to have been 
able to work for so long,’ says Levi-Montalcini. 
“If I die tomorrow or in a year, it is the same 
— it is the message you leave behind you that 
counts, and the young scientists who carry on 
your work.” And with that, clutching her micro- 
graphs of NGF in octopus tissue, she walks 
away on the arm ofa friend, with a slow but 
stately gait. With her high heels and the swing 
of her tailored coat, she still looks as though she 
stepped off the pages of a fashion magazine. ™ 
Alison Abbott is Nature's senior European 
correspondent. 
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The textbook of the future 


Undergraduate textbooks are going digital. Declan Butler asks how this will shake up student 
reading habits and the multi-billion-dollar print textbook market. 


he rumble of textbooks thumping on to 

the desks ofa university lecture theatre, 

the rustle of turning pages, the groan of 

backpack straps hoisting 10 kilograms 
of textbooks — these sounds may soon be an 
echo of the past. This semester, 1,200 students 
at the University of Texas at Austin (UTA) are 
foregoing printed textbooks in a pilot trial of 
Amazon Kindle e-readers stuffed with texts in 
electronic form. At NorthWest Missouri State 
University (NWMSV) in Maryville, classes 
are testing textbooks on Sony e-readers, as 
well as on the students’ own laptops, as part of 
plans to roll out e-textbooks across all courses 
within 5 years. The list goes on: within the past 
18 months or so, as textbook publishers have 
begun to make more and more titles available 
online, universities worldwide have begun to 
experiment with e-textbooks. 

“E-textbooks are not yet mainstream — but 
they are on the edge of a breakthrough into the 
mainstream,’ says Kevin Hegarty, UTA chief 
financial officer. Indeed, textbook publishers 
are scrambling to position themselves for a 
revolution in the way they do business as they 
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rethink their decades-old model of massive, 
printed tomes sold at premium prices. 

The resulting proliferation of new models — 
none of which is yet a sure winner — is being 
shaped by the interplay of at least three forces: 
new e-readers and displays for viewing and 
interacting with the e-textbook content; new 
business and licensing models for delivering 
quality content at prices students and universi- 
ties can afford; and new concepts for the con- 
tent itself, and for how it is created. 


Beyond black and white 

On the hardware front, e-textbooks are reaping 
the benefits of rapid innovation in electronic 
readers for documents and novels. Most 
of the latest generation of e-readers, such 
as Amazon’s Kindle 2 and Sony’s PRS-700, 
offer displays based on technology from the 
E-Ink Corporation of Cambridge, Massachu- 
setts (see Nature doi:10.1038/news.2009.202; 
2009). These displays produce text and 
images that rival the brightness and clarity of 
ink on paper, which makes reading them far 
more comfortable than reading text on the 
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liquid crystal display screens of laptops and 
desktop computers. They also allow an e-reader’s 
batteries to last for days: the displays require 
power only when the screen is being changed 
— for example, by ‘turning’ a page. The first 
generation of such e-readers, launched less 
than three years ago, has already sparked mass 
uptake of e-books, and they could potentially 
do the same for e-textbooks. 

As delivery vehicles for textbooks, however, 
existing e-readers still leave a lot to be desired. 
For example, most are designed for reading 
books from beginning to end. But “very few 
students read a textbook in that manner’, says 
Paul Klute, who is directing the NWMSU 
e-textbook project. He recalls how the school 
launched its pilot test of the Sony’s PRS-505 
reader in autumn 2008 with e-textbooks from 
six publishers. It was an instant flop with the 
200 student testers. They wanted to do what 
they had always done, says Klute, and flip 
through to find bits they didn't grasp in the 
lecture, or dip in to read short sections, or find 
a key figure. But the e-reader wasn't built for 
this, so they ended up frustrated. This semester, 
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Sony has replaced the device with the newer 
PRS-700. Its search and navigation functions 
and the ability to flip a page by swiping a finger 
across the touch screen have elicited a much 
more positive response, Klute says. 

Another drawback of current e-readers is that 
they have small black-and-white displays, just a 
little larger than 9 by 12 centimetres. This makes 
them unsuited to most science textbooks, which 
typically have large pages and colourful graph- 
ics. “The market is not likely to expand until the 
e-readers improve,’ says Hegarty. 

Many large textbook companies are 
holding off from experimenting with e-readers 
until that happens. But manufacturers prom- 
ise that big screen, colour e-readers are on 
the way within a year or two. If so, this will 
be the tipping point at which e-textbooks 
take off, predicts Hegarty. “It will be a big leap 
forwards, he says. 

If the price is right. Dedicated e-readers 
currently start at prices of 
around US$350, points out 
Joe Esposito, a digital-media 
consultant and former chief 
executive of Encyclopaedia 
Britannica online. Reading an 
e-textbook on a laptop might 
not be as easy on the eyes, but 
most students already own a laptop — complete 
with a colour display. “The student laptop will 
prove a potent competitive entry barrier to other 
devices for reading e-textbooks,” says Esposito. 
This is why NWMSU is also piloting e-textbooks 
on laptops among 500 students in 11 disciplines 
in an effort to compare how well students learn 
with e-readers, laptops and print textbooks. 

That is probably a wise approach. Five years 
ago, devices such as the Kindle did not even 
exist. Which devices students will use for read- 
ing e-textbooks five years from now is anybody's 
guess — although many people are betting 
on some sort of convergent evolution among 


“Everyone is rushing to 
be the ultimate multi- 


functioning device." 
— Neelan Choksi 


e-readers, laptops, portable music players and 
smart phones. The boundaries will increasingly 
blur, predicts Neelan Choksi, co-founder and 
chief operating officer of Lexcycle, a company 
based in Portland, Oregon, that makes Stanza, 
a popular e-book reader application for the 
iPhone. “Everyone is racing to be the ultimate 
multi-function device,’ he says. 


Kindling a revolution 

But device innovation has other implications 
as well. Just as the Internet brought dramatic 
change to the music industry, which relied on 
selling content on a physical medium, such as 
the CD, better devices could similarly disrupt 
the textbook industry. So it is not surprising 
that textbook publishers’ embrace of e-text- 
books is reminiscent of two scorpions mating. 

Like the music industry, textbook publishers 
have been reluctant to put content online 
because of concerns about piracy, and the risk 
that it might undermine sales 
of their traditional print edi- 
tions. If they are now willing 
to do so, it is largely because 
such concerns have been 
offset by the realization that 
e-textbooks may give them 
a way to cut into the largest 
threat to their profits: the huge market for 
second-hand textbooks. 

Thanks to the Internet, what was once the 
preserve of local used bookstores is now a vast 
and sophisticated international online market. 
The US market for new textbooks is estimated 
at around $5.5 billion, but the parallel market 
for used books is around one-third of that, 
says Esposito. Publishers hope that by offer- 
ing lower priced e-textbooks they can oblit- 
erate the used-textbook market, from which 
they currently get nothing, and sell electronic 
versions semester after semester — presum- 
ably with frequent updates, analogous to the 


Students say they would prefer to have print textbooks — until they are offered a cheaper option. 
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Amazon's Kindle: bringing technology to book. 


new print editions they regularly bring out. 

But publishers’ enthusiasm for e-textbooks 
remains relative, says Esposito. “E-textbooks 
are too big a market for publishers to walk 
away from, but publishers are not willing to 
walk away from the print market that makes 
up more than 90% of their sales.” This defence 
of the print market is reflected in their offer- 
ings, which are usually electronic facsimiles of 
printed textbooks, sold to students online, and 
which provide only the most basic functional- 
ity, such as printing, highlighting and making 
electronic annotations. 

By far the largest market for textbooks is the 
United States, and the companies that win in 
this space are also likely to be those that will 
dominate worldwide. Because of this, it is also 
likely to be where the evolution of e-textbook 
business models plays out. 

The biggest player is CourseSmart, a 
consortium in Belmont, California, created 
by the five publishers who together account 
for roughly 85% of the global print textbook 
market: Pearson; Cengage Learning; McGraw- 
Hill Education; John Wiley & Sons; and the 
Bedford, Freeman & Worth Publishing Group. 
(The last is a unit of Macmillan, which is 
owned by Nature’s parent company, the Georg 
von Holtzbrinck Publishing Group based in 
Stuttgart, Germany.) “We have brought a 
critical mass of textbooks together on a single 
common platform for the first time,” says Sean 
Devine, chief executive of CourseSmart. 

CourseSmart sells its e-textbooks at about 
half the price of its print versions, and so far has 
made more than 5,800 e-textbooks available 
at its website, or about one-third of the world’s 
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most popular textbooks. Students who buy the 
books are constrained by digital rights man- 
agement. The copy they buy usually ‘expires’ 
after their course has ended, after which it no 
longer accessible. CourseSmart’s digital rights 
management also forbids students from mov- 
ing a book downloaded on one computer to 
another device, limits printing to 10 pages ata 
time, and allows the whole book to be printed 
only once. 


Bulk buying 

Nonetheless, student purchases of CourseSmart 
e-textbooks are growing rapidly, says Devine. 
A survey by NWMSU in February found that, 
all things being equal, about half the students 
would prefer print textbooks and about a 
quarter would prefer e-textbooks, whereas the 
remainder had no strong feeling. But when 
asked what they would do if buying a textbook 
themselves, almost 80% said they would opt for 
the cheaper e-textbook offering. 

Ongoing tests of CourseSmart e-textbooks 
by the University System of Ohio show that 
they reduce costs — the average US student 
forks out some $900 annually on print text- 
books — and students using them perform just 
as well as when using paper versions, says Peter 
Murray, deputy head of new service develop- 
ment at the Ohio Library and Information 
Network in Columbus, Ohio, which assists the 
University System of Ohio on the project. 

But Make Textbooks Affordable, a coalition 
of US student groups, thinks that students are 
being fleeced, and that the price of ‘renting’ 
an electronic file, which costs little for pub- 
lishers to distribute, is exces- 
sive. Indeed, if an e-textbook 
typically costs half that of the 
print version, the saving is less 
impressive when one considers 
that buyers of new print books 
would recoup much the same 
by reselling, and students might pick up used 
versions for the same price or less. 

Charging half the price of a printed textbook 
for an e-book that expires is “far too costly’, 
says Hegarty. Rather than leaving students to 
act as isolated agents in the marketplace, he 
says, universities, or consortia of universities, 
should step in and use their bulk-purchasing 
clout to force down prices by negotiating site 
licences to e-textbooks, just as many do for 
online versions of scientific journals. E-text- 
books procured this way could be made free at 
the point of use to all on campus, or for flat fees 
included in tuition fees. “The winning model 
will involve licensing content broadly such that 
the library licenses the materials, the profes- 
sors assigns them and the student electroni- 
cally checks them out of the library as they do 
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"Cheap prices are the 
most effective digital- 


rights management.” 
— Eric Frank 


The multi-function iPhone: one ring to rule them all? 


hardcopy books,” he says. 

Klute also favours such a scheme. NW MSU 
already spends around $800,000 a year on tens 
of thousands of copies of print textbooks that it 
rents to students, who are charged $80-$90 per 
semester for textbook provision. He thinks that 
using an e-textbook site licence could at least 
halve that cost to students. 

Such a model is being tested by the UK 
National E-books Observatory project. The 
project has licensed from publishers 36 e-text- 
books in business and management, medicine, 
media studies and engineering from Septem- 
ber 2007 to August 2009 at a cost of £600,000, 
and made them available free 
to all UK universities. It is the 
future, says Liam Earney, col- 
lections team manager of the 
Joint Information Systems 
Committee, based in Lon- 
don — a body established by 
Britain’s higher-education funding councils to 
support education by promoting technological 
innovation — which operates the pilot. 


Open source 
A more radical idea is to offer textbooks for 
free, without rights restrictions. A range of 
free, open textbooks are already available for 
download at WikiBooks (http://en.wikibooks. 
org); the Community College Consortium 
for Open Educational Resources’ Open Text- 
Books Project; and Connexions, created in 
1999 by electrical engineer Richard Baraniuk 
of Rice University in Houston Texas. These 
texts typically take the form of modules writ- 
ten by many expert authors. 

For now these free textbooks remain a 
cottage industry, says Esposito. Wikipedia-like 
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volunteer efforts are much better suited to 
self-contained modules that are small enough 
for an individual to see through from A to Z. 
But a textbook demands a coherent overall 
structure and coordination between sections. 
That is why creating one has always been a 
major undertaking, demanding long-term 
commitments by publishers — who need to 
make a profit — and by authors who usually 
want to be paid for their effort. 

Still, perhaps ‘free’ and ‘profitable’ need not 
bea contradiction in terms. One group of vet- 
eran textbook publishing executives is trying 
to put open textbooks on a solid commercial 
footing. In 2007 they created Flat World Knowl- 
edge, based in Nyack, New York, and in Janu- 
ary 2009 rolled out the first of the 21 textbooks 
they have in development so far. The texts are 
written by some 40 domain experts who will 
be paid 20% of royalties. The company also 
plans to make its content available via Kindle 
and other e-readers. All its content will be free 
to reuse for non-commercial purposes under a 
creative commons licence. 

Eric Frank, Flat World’s co-founder, says that 
the strategy is to attract greater use by giving the 
e-textbooks away — the initial targets are the 
high-volume texts for first-year students — and 
then look for profit from students’ purchase of 
print-on-demand versions at $29.95 for black 
and white, and $59.95 for colour. Students can 
copy and use the electronic content in any way 
they wish, says Frank. “Cheap prices are the 
most effective digital-rights management,’ he 
says. “We want to avoid a digital-rights war with 
students.” The company also hopes to make 
money by licensing its content to commercial 
companies, such as distance-learning outfits 
and course-management software firms. 

By making its content free for reuse, Flat 
World Knowledge will allow lecturers to splice 
and dice its content. “More and more profes- 
sors want to teach from ‘customized’ textbooks, 
which are aggregations of various materials, not 
just what a publisher has aggregated in a single 
book,’ says Hegarty. He says that the UTA has 
made an electronic tool available for academ- 
ics to aggregate any licensed library materials, 
including scientific journals, and ‘publish’ them 
to their students as their textbook materials. “I 
think that this is where textbooks are headed” 

In the larger sense, of course, no one really 
knows where e-textbooks are headed. They just 
know that things are moving very fast. About all 
that’s certain, says Klute, is that the next chapter 
of e-textbooks is now being written. “E-textbooks 
as we currently know them will look drastically 
different five years from now’. a 
Declan Butler is a senior reporter at Nature, 
based in France. 

See Editorial, page 549. 
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Austria should invest 
in brains, not in bricks, 
banks or airlines 


SIR — Because of uncertainty 
about this year’s science budget, 
as expressed in your News in 
Brief story ‘Austrian scientists 
rattled by threat to funding’ 
(Nature 457, 648; 2009), the 
Austrian science fund FWF has 
postponed its first two board 
meetings of 2009. It has frozen 
all decisions on already-reviewed 
grant applications until May 
2009. As the FWF is by far the 
most significant public agency 
supporting basic research in 
Austria, any reduction of its 
moderate budget would bea 
devastating blow. 

This uncertainty puts the 
Austrian government's recent 
efforts to advance science, 
and to attract internationally 
renowned scientists, into serious 
jeopardy. Because the basic 
subsidy for universities is low, 
scientists have been relying 
heavily on competitive funding 
from the FWF. 

We find it obscene that the 
government is pursuing its plan 
to establish an ‘elite university’ 
near Vienna — the Institute of 
Science and Technology Austria 
— while competitive funding is at 
risk. Do the institute's newly 
appointed president and his 
senior academic staff know that 
one crucial pillar of their budget is 
cracking? Do our gifted young 
students preparing for an 
academic career recognize that, 
without funding by the FWF, the 
academic world is at risk? Do their 
parents know that their children 
are heading down a blind alley? 

We hope that our officials 
consider what is best for the 
future of the country: invest in 
brains — not bricks, banks or 
airlines. Knowing what technology 
means for a country, the US 
National Institutes of Health 
has just received additional 
funding of $10.4 billion. Perhaps 
Austrian students and scientists 
will again have to go west to the 
United States to survive the 
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current global economic crisis. 
Michael Freissmuth Department of 
Pharmacology, Medical University of 
Vienna, Wahringerstrasse 13A, 
1090 Vienna, Austria 

e-mail: michael.freissmuth@ 
meduniwien.ac.at 

Sigismund Huck Center for Brain 
Research, Medical University of 
Vienna, Spitalgasse 4, 

1090 Vienna, Austria 


Evolution and 
intelligent design 
in Hong Kong 


SIR — Your News story ‘Hong 
Kong evolution curriculum row’ 
(Nature 457, 1067; 2009) reports 
acall by faculty members at Hong 
Kong University for a sentence to 
be removed from new guidelines 
for secondary-school biology 
education. At present, these state: 
“In addition to Darwin's theory, 
students are encouraged to 
explore other explanations for 
evolution and the origins of life, to 
help illustrate the dynamic nature 
of scientific knowledge”. You also 
note that a professor criticized the 
university for not letting him teach 
intelligent design in his course on 
the origin of the Universe. 

| was born in Hong Kong, was 
educated at local missionary 
schools and Hong Kong 
University, and am now overseas 
doing research in the field of 
evolution and development. 
As ascientist, | believe that 
the purpose of education is 
not only to pass knowledge to 
future generations, but also to 
develop students’ analytical 
and critical thinking. Central 
to both aspects is the need to 
focus on facts and testable views 
supported by evidence. This is 
all the more important given the 
limited amount of time available 
for teaching and its support 
by public funding. Evolution 
fulfils these necessary criteria, 
whereas intelligent design, being 
untestable and unsupported by 
evidence, does not. 

Hong Kong is a multicultural 
society, deeply imprinted with 


traditional Chinese culture and 
values, but also facing a constant 
inrush of ideas from the West. 
The fundamental cause of these 
controversies is more than just a 
cultural clash. It reflects a lack of 
long-term public education in 
evolutionary biology. In the year of 
Darwin 200, it is time to rectify 
this situation. 

Jerome H. L. Hui Faculty of Life 
Sciences, University of Manchester, 
Michael Smith Building, 

Manchester M13 9PT, UK 

e-mail: jerome.hui@manchester.ac.uk 


Scientists must 
stand up and 
be counted 


SIR — In your Editorial ‘Against 
vicious activism’ (Nature 457, 
636; 2009), you call for scientists 
and the authorities to stand up 
for animal research in basic and 
applied science. However, you 
may be putting the cart before 
the horse in recommending that 
officials and politicians become 
advocates of animal research 
in order to encourage individual 
scientists to do so. 

In the United Kingdom, it 
was the actions of individual 
scientists — and of members of 
the public who joined the Pro- 
Test demonstration in Oxford in 
February 2006 and signed the 
Coalition for Medical Progress’s 
petition — that gave politicians 
and other public figures the 
encouragement they needed to 
come out in support of animal 
research. The lesson to be learned 
from the UK experience is that 
scientists at the universities being 
targeted by extremists, alongside 
students and advocacy groups, 
must be encouraged to stand up 
and be counted. Only then can 
they expect others less directly 
involved to take an unequivocal 
public stand. 

A parallel could be drawn 
with the debate over the use of 
embryonic stem cells for research 
in the United States, where 
support among the general public 
and in Congress has been driven 
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by the strong vocal endorsement 
of individual scientists and 
advocacy groups. 

The truth, uncomfortable 
though it may be, is that — as 
with many controversial areas 
of science — those working 
with animals in research must 
make a public case to justify 
their use, and must be willing to 
show unequivocal support for 
colleagues who speak up. Do that, 
and the rest will follow. 

Dave Bienus Speaking of Research, 
and Pennsylvania State University, 
101 Centralized Biological Laboratory, 
University Park, Pennsylvania 16802, 
USA 

e-mail: dab43@psu.edu 


Animal-health facility 
in Germany leads the 
way for Europe 


SIR — Your News story ‘Britain 
hits a hurdle in replacing key 
animal-pathogen facility’ (Nature 
457, 769; 2009) describes the 
problems faced by the Institute 
for Animal Health in Pirbright. It 
is deplorable that this world-class 
institute is uncertain of being 
able to develop a key animal- 
pathogen facility and other 
adequate infrastructure. 

In contrast, Germany's federal 
ministry of food, agriculture and 
consumer protection is investing 
nearly €300 million (US$395 
million) to create a state-of-the- 
art facility for infectious-disease 
research at our institute on the Isle 
of Riems in the Baltic Sea. New 
laboratory and animal facilities 
will be constructed, including a 
biosafety-level-4 facility for large 
animals that is unique in Europe. 
The plans were developed in the 
mid-1990s and construction 
should be largely finished in 
time for the institute's centenary 
in late 2010. 

Thomas C. Mettenleiter Friedrich- 
Loeffler-Institut, Federal Research 
Institute for Animal Health, 
Siidufer 10, 17493 Greifswald-Insel 
Riems, Germany 

e-mail: thomas.mettenleiter@ 
fli.bund.de 
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All the President's scholarly men 


Barack Obama's choice of science advisers is cause for celebration. Yet history shows that an impressive 
academic record doesn't guarantee good, impartial advice, cautions Robert Dallek. 


President Barack Obama’s appointment of 
academic scientists and economists to posi- 
tions of high authority in his administration 
has created the sort of excitement in universi- 
ties and among researchers that has not been 
seen for eight years. Certainly, after George W. 
Bush's grudging agreement to a constricted 
programme of stem-cell research and his 
politicization of scientific findings about the 
environment, Obama’s choice of prominent 
scholars is a breath of fresh air. 

Yet before the country’s, or indeed the 
world’s, academics become too excited about 
the latest professors at the White House, they 
would do well to recall that US presidents have 
repeatedly turned to academic stars for advice 
during the past century, with mixed results. 
That academics have an imperfect record as 
presidential advisers is not to doubt that their 
expertise has considerable value. But no one 
should assume that an impressive academic 
track record guarantees good policy. Far more 
important is an ability to remain independent 
and offer advice based on sound evidence. 


The good and the bad 

Among the most striking achievements by 
academic insiders in presidential adminis- 
trations is that of the ‘Brain Trust’, a group of 
Columbia University professors who coun- 
selled Franklin D. Roosevelt on how to repair 
the damage caused by the Great Depression’. 
Also high on the list in importance is the work 
of Robert Oppenheimer, a physicist from the 
University of California, Berkeley. 

In June 1941, almost two years after Albert 
Einstein had alerted President Roosevelt to 
the possibility of building an atomic weapon, 
Roosevelt created an Office of Scientific 
Research and Development. Oppenheimer 
became the chairman there of a subcommittee 
charged with designing the A-bomb. In March 
1943, when the US Army selected Los Alamos, 
New Mexico, as the site where the work would 
be done, Oppenheimer became the principal 
architect of the weapon. 

Fear that Hitler’s Germany would claim vic- 
tory in the race for the ‘winning weapon, as 
some called it, were overblown, although the 
limits of Germany’s capacity to build a bomb 
were not fully understood until later. Despite 
this — and retrospective qualms voiced by 
Oppenheimer and several of his colleagues 
about building so destructive a weapon — the 
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United States’ success in designing, testing and 
using the A-bomb was testimony to an extraor- 
dinary cooperation between the federal gov- 
ernment and the scientific community~. 

A comparable success story is Henry Kiss- 
inger’s role in shaping some of Richard Nixon's 
foreign policies. Kissinger was a professor of 
government at Harvard University. As national 
security adviser and later also secretary of state, 
Kissinger helped re-establish Sino-US relations 
in 1972. That meant ending 23 years of animos- 
ity over China's turn to Communism and par- 
ticipation in the Korean War, in which US forces 
had fought to prevent the Communist North 
Korean state from taking over South Korea. 

Kissinger was also an architect of the policy 
of ‘détente’ in the cold war with the Soviet 
Union. Among the measures to ‘de-escalate’ 
tensions between the United States and the 
Soviet Union that he helped put in place was 
an agreement to limit arms — a dramatic step 
away from the sort of tensions that had brought 
the two nations to the brink of nuclear war dur- 
ing the Cuban missile crisis. And by helping to 
end the Vietnam war, for which 
he received a Nobel Peace Prize, 


“Professors should 


Bundy disagreed with the president on how to 
encourage public backing of the Vietnam war. 
A professor of government and the youngest 
dean of faculty in Harvard's history, Bundy 
was described by Washington Post columnist 
Joseph Kraft as “unmatched” in his ability “to 
articulate and execute public purposes” and as 
perhaps the only member of the postwar gen- 
eration in government to deserve “the states- 
man’s mantle”. Rostow did not lag far behind 
in reputation. An economist at the Massachu- 
setts Institute of Technology in Cambridge and 
prolific author of studies that shaped public 
thinking about economic growth, Rostow, like 
Bundy, seemed a natural fit for the position of 
national security adviser. 

However, both men badly misread the ability 
of the United States to control events in Viet- 
nam: they believed that US forces could help 
the South Vietnamese government defeat Com- 
munist Viet Cong insurgents backed by North 
Vietnam and could assure the rise of a demo- 
cratic government in Saigon. 

Even after the deaths of nearly 60,000 US 
soldiers and a Vietnam unified 
under Communist control, 


and paving the way to the Camp . Rostow would never concede 
David peace accords between confine themselves that sending troops to Vietnam 
Egypt and Israel following war to what they had been a mistake. Instead he 
in 1973, Kissinger helped Nixon know and leave argued that the war had given 
establish peace in critical con- sys other southeast Asian nations 
flict zones. the politics te time to develop and avoid Com- 

Yet, like two of his immedi- politicians. munist takeovers*°. Likewise, 


ate academic predecessors as 

national security adviser, McGeorge Bundy and 
Walt Rostow, Kissinger also made miscalcula- 
tions that cost the nation blood, treasure and 
prestige. At the start of Nixon's term in 1969, 
Kissinger supported the president's decision 
to keep troops in Vietnam. Staying in the war 
brought an additional 23,000 military deaths 
and failed to save Saigon from a North Viet- 
namese conquest in 1975. Likewise, Kissinger’s 
collaboration with Nixon in helping the Chilean 
military topple democratically elected Salvador 
Allende undermined US standing across Latin 
America and opened the way to Augusto Pino- 
chet’s 17-year dictatorship’. 

Earlier errors of judgement by Bundy and 
Rostow should have been cautionary tales for 
Kissinger. Bundy joined John F. Kennedy’s 
administration as national security adviser in 
1961. This was a post Rostow later assumed 
during Lyndon Johnson’s presidency after 
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Kissinger never acknowledged 
errors in his and Nixon's dealings with Viet- 
nam and Chile — even though he would be 
hard pressed to find many defenders among 
historians who have studied them. 

By contrast, Bundy shared former defence 
secretary Robert McNamara’ retrospective 
conviction about the war that “we were wrong, 
terribly wrong”. Indeed, towards the end of his 
life Bundy wondered how someone as learned 
as himself could have been so mistaken’. 


A look ahead 

Among the leading academic lights Obama has 
chosen to join his administration is Steven Chu. 
As well as Obama’ energy secretary, Chu is a 
Nobel-prizewinning physicist and former head 
of the Department of Energy's Lawrence Berkeley 
National Laboratory in California. John Holdren, 
a Harvard professor of environmental science, 
is Obama’s science adviser. Harold Varmus, a 


NATURE|Vol 458|2 April 2009 


Nobel laureate in medicine, former head of 
the National Institutes of Health and head 
of the Memorial Sloan-Kettering Cancer Center 
in New York, is the chairman of his campaign 
science advisory council. And Lawrence Sum- 
mers, the former US Treasury secretary and 
president of Harvard, heads the White House 
economic council. What should these advisers, 
and others besides them, learn from the successes 
and failures of their predecessors? 

The principal lesson I see in assessing the 
records of intellectually brilliant men such as 
Oppenheimer, Bundy, Rostow and Kissinger is 
that academics should always provide advice 
based on the best available evidence and try 
not to be swayed by lobbying, or by political 
or ideological considerations. Total abstinence 
from politics is not an option, especially for a 
secretary of energy or a secretary of state who 
have to take account of both domestic and 
international political cross-currents, or groups 
and nations pressing their special interests. 
Nevertheless, allowing political judgements to 
overshadow evidence-based understanding is a 
prescription for making the sorts of errors that 
are all too common among partisans elected to 
high offices. 

Oppenheimer largely avoided this mistake. 
He called the bomb “an evil thing” that in time 
might lead “mankind to curse the names of 
Los Alamos and Hiroshima”. Although he 
had doubts about building such a destructive 
weapon, he never allowed his political con- 
cerns to interfere with his work. 

Bundy and Rostow were different. In heed- 
ing political pressures in the White House, they 


deserted their understanding of how history 
works. Both advisers believed that a Commu- 
nist victory in South Vietnam would not only 
jeopardize Johnson's domestic political stand- 
ing but also US interests in southeast Asia and 
Europe, where they feared the Soviets might be 
emboldened to commit acts of aggression that 
could threaten a wider war. 

The Democratic administration’s Bundy and 
Rostow lived in the shadow of Senator Joseph 
McCarthy and other right-wing critics, who 
had pilloried Harry Truman and the Demo- 
crats for having ‘lost’ China to Communism 
by failing to give sufficient backing to Chiang 
Kai-shek’s nationalist government. Yet their 
academic expertise should have told them that 
world events do not simply replicate themselves 
in vastly different contexts. Vietnam wasn't 
China. In addition, McCarthyism had lost 
favour by the 1960s. What's more, there was 
nothing to suggest that a Communist victory 
in Vietnam would have any significant effect 
on the actions of the Soviet Union or China, or 
on the outcome of the larger cold war. 

By focusing so much attention on unrealis- 
tic political fears that were largely confined to 
the White House, Bundy and Rostow encour- 
aged policies that ill-served the United States. 
They would have served the country better had 
they devoted more of their efforts to assessing, 
using the best available knowledge, the likely 
effectiveness of bombing and ground combat 
in Vietnam, where the prospects for success 
were highly questionable. 

Kissinger made similar misjudgements. 
He feared that the collapse of South Vietnam 
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and the continuing control of Chile by a 
left-wing government would undermine 
US credibility with both allies and adver- 
saries, and make Nixon vulnerable to 
charges of having failed to meet the 
Communist threat in southeast Asia 
and the western hemisphere. But in 
1961, when he became national secu- 
rity adviser, more than three years of 
US participation in the Vietnam fight- 
ing had undermined his country’s 
credibility with both allies and adver- 
saries abroad, not enhanced it. Mean- 
while, Fidel Castro’s Communist regime 
in Cuba had turned out to have only 
limited effect on the United States. This 
knowledge should have persuaded Kiss- 
inger, who prided himself on his stand- 
ing as a foreign policy realist, to make a 
quick end to the war and to realize that 
Allende presented no significant threat to 
the United States. 

Kissinger’s deep ties with Nixon almost 
certainly influenced his thinking. In 1970, 
Nixon's chief of staff H. R. Haldeman told 
Kissinger that the president intended to end 
the US military presence in Vietnam in 1971. 
Kissinger warned Nixon that if South Vietnam 
then became unglued, it could jeopardize his 
re-election in the following year by opening 
him to attacks for having failed to bring “peace 
with honour’, as he had promised. Instead of 
making the sort of rigorous calculations about 
foreign threats a national security official is 
charged with, Kissinger included domestic 
political considerations in his advice. 

The White House professor may sincerely 
believe that promoting a president's political 
standing is vital to the national well-being, but 
becoming a partisan advocate can be a formula 
for providing poor advice. In short, professors 
should confine themselves to what they know 
and leave the politics to politicians. | 
Robert Dallek is professor of history emeritus 
at the University of California, Los Angeles. He 
is the author of Nixon and Kissinger: Partners in 
Power (2007) and John F. Kennedy: An Unfinished 
Life (2003). 
e-mail: rdallek@aol.com 
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Keeping up with the nuclear neighbours 


Since acquiring atomic weapons, India, Pakistan and North Korea have not engaged in major warfare. But 
nuclear deterrence alone does not buy peace — diplomacy must keep the balance, says George Perkovich. 


The Long Shadow: Nuclear Weapons and 
Security in 21st Century Asia 

Edited by Muthiah Alagappa 

Stanford University Press: 2008. 592 pp. 
$75 (hbk), $29.95 (pbk) 


The cold war distorted definitions of ‘normal’ 
nuclear behaviour. The giant antagonists, 
the United States and the Soviet Union, built 
gargantuan arsenals poised for launch at a 
moment's notice. They poked and prodded 
each other until the Cuban missile crisis of 
1962 chastened them to give arms control a 
chance. Notwithstanding a series of treaties 
meant to manage their nuclear competition 
and help shape a global nuclear order — from 
the Partial Test Ban Treaty in 1963 through 
to the Strategic Arms Reduction Treaty II 
30 years later — Washington DC and Mos- 
cow ordered the construction of thousands 
more nuclear weapons and kept them ready 
for use, even when no crisis was at hand. 

By the mid-1970s, China, Israel and India 
had nuclear explosives, and Pakistan and South 
Africa were preparing to join them. These 
nations treated nuclear weapons differently. 
They built relatively few, did not deploy them 
for immediate use and kept them largely out 
of political view. South Africa disarmed in the 
early 1990s, and North Korea became nuclear- 
armed. Of the nine countries that have nuclear 
weapons today, the United States and Russia 
are hardly typical. 

The Long Shadow illuminates the different 
ways that nuclear-armed states have sought 
to extract the benefits of nuclear weapons 
while minimizing their risks. 


South Korea fears a possible nuclear threat from its neighbour, and sees US negotiators as crucial players. 


Australia — that includes all nuclear-armed 
states except France and the United Kingdom. 
Jamming so many countries into one regional 
construct is unhelpful. Alagappa betrays the 
problem when he repeatedly generalizes about 
Asia but then adds that Iran and the Mid- 
dle East depart from whatever pattern he is 
describing. The chapters on Iran and Israel, by 

Devin Hagerty and Avner Cohen 


Muthiah Alagappa has mas- respectively, are solid. But they 
terfully edited 14 chapters by ihe eas ct don’t add much. Whether the Mid- 
leading experts covering the direct conflict are dle East nuclear challenge ends in 
United States, Russia, China, — low, but concerns disaster or security will depend 
India, Pakistan, Israel, North about the nuclear more heavily on factors other than 
Korea, Iran, Japan, South ran the nuclear policies of the Asian 
Korea, Taiwan and Australia, future are high. states to the east. 


and, more broadly, the Asso- 
ciation of Southeast Asian Nations and the 
prospects of nuclear terrorism in Asia. Ala- 
gappa frames and then interprets these chap- 
ters with two of his own. Some chapters are 
superb, the rest are good. None is bad. 

The book suffers from a stretched definition 
of Asia — from Israel eastwards, through the 
United States, north to Russia and south to 
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Asian states have not engaged 
in major warfare since 1979, which is before 
India, Pakistan and North Korea acquired 
nuclear weapons. Alagappa extols the peace- 
able effects of nuclear deterrence, but it is not 
clear that deterrence has caused the relative 
absence of hostilities. With so few threats of 
direct conflict, the need for nuclear deter- 
rence as a military tool has been low. Indeed, 


© 2009 Macmillan Publishers Limited. All rights reserved 


contrary to Alagappa’s nuclear bullishness, 
the nuclear programmes of North Korea, 
Pakistan and Iran have caused more insecu- 
rity than they have alleviated. 

Worldwide, there are only three sources of 
conflict with pressing probabilities of nuclear 
escalation — between the United States and 
China over Taiwan, between India and Paki- 
stan and between Iran and the United States 
or Israel. In each, as Alagappa recognizes, 
“nuclear deterrence today operates largely ina 
condition of asymmetric power relationships”. 
Nuclear weapons may partially equalize the 
military balance of power between states, 
but this “benefit” is circumscribed. Behav- 
ing aggressively behind a putative nuclear 
shield to change a regional balance would 
invite other powers “to resort to full-scale 
conventional retaliation. The onus of esca- 
lation to the nuclear level then shifts to the 
conventionally weaker, revisionist state that 
initiated the crisis ... there is no certainty that 
international diplomatic intervention would 
favor the revisionist state.” 

The India—Pakistan nuclear relationship often 
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produces intense international hand-wringing. 
Danger does lurk there, largely owing to 
Pakistan’s political crisis and reluctance to 
formalize the territorial status quo with India. 
Stimuli for conflict emerge from Pakistan; 
competitive logic and political imperatives 
may lead both states to brinkmanship. As 
suggested in the chapters on India, by Rajesh 
Rajagopalan, and on Pakistan, by Feroz Hassan 
Khan and Peter Lavoy, both countries recog- 
nize that nuclear weapons make a war between 
them unwinnable. Yet they remain unable to 
transform this recognition into a confident 
peace that would empower Pakistan's civilian 
leaders to press the army and intelligence serv- 
ices to concentrate on internal security rather 
than nurturing low-intensity violence in India 
and Afghanistan. 

The comparative advantage of The Long 
Shadow emanates from the chapters on 
Japan, China, South Korea and North Korea. 
Paradoxically, in northeast Asia the threats 
of direct conflict are low, but concerns about 
the nuclear future are high. This suggests the 
political, more than the specifically military, 
importance of these weapons. 

Michael Green and Katsuhisa Furukawa 
write in the book that nuclear weapons are 
increasingly present in Japanese thinking, 
but not as war-fighting instruments or pro- 
tection against existential threat. “Rather, it is 
the specter of political and strategic entropy 
that would be associated with a collapse of the 
US extended deterrence commitment that is 
animating strategic thinking in Japan.” North 
Korea's bomb and improved Chinese capa- 
bilities reopen “the old question of whether 
the United States would protect Japan even at 
the risk of inviting nuclear strikes against US 
cities”. Some Japanese strategic thinkers 
worry that the United States might “con- 
clude a bilateral arms control agreement with 
Beijing that endorses protection of Chinese 
limited nuclear strike capability against 
the US”. They fear this would decouple the 
United States from Japan. 

Kang Choi and Joon-Sung Park describe 
how South Koreans have an “excessive fear 
of nuclear threat” combined with a “fear of 
abandonment” by the United States, and its 
opposite, “fear of entrapment”. They argue 
that South Korea's fear of abandonment “could 
soar if the United States tacitly accepted North 
Korea's nuclear weapon status”. Conversely, 
the fear of entrapment “would linger as long 
as the public believes that a US military strike 
on North Korea is possible”. 

Doubts about the credibility of extended 
deterrence were much greater during the 
cold war, as Green and Furukawa and Choi 
and Park document. Still, policy-makers in 


Washington, Tokyo, Seoul and Beijing must 
undertake concerted diplomacy to instil polit- 
ical-strategic confidence in the region in ways 
that reduce rather than raise the salience of 
nuclear weapons. 

The Long Shadow offers useful guidance 
to this end. None of the authors urges US 
retrenchment from the region or rethinking of 
Japanese, South Korean or Taiwanese nuclear 
abstinence. Acquisition of nuclear weapons 
by these countries would only exacerbate 
insecurity and reduce US commitments to act 
to defend peace and stability there. Instead, 
greater effort must be made to enhance the 
transparency of intentions and capabilities, 
bolster conventional deterrence and foster 
unity in dealing with North Korea. 

Leaders in the United States and China 
together hold a key. China will not become 
more cooperative and transparent and limit 
its strategic build-up if the United States 
does not clarify that it is prepared to accept 
China's nuclear deterrent. This would mean 
limiting missile defences and certain non- 
nuclear strike capabilities. Sino-American 
strategic accommodation need not devalue 
the US extended deterrent, as some in Japan 


may fear. As long as nuclear weapons remain, 
the United States will extend its deterrence 
umbrella to its allies. To reassure Japan of this, 
leaders in Washington, Beijing and Tokyo 
must undertake more forthright strategic 
dialogues. Framing such dialogue with an 
explicit objective of creating conditions for 
incremental, verifiable steps towards nuclear 
disarmament would add an important Asian 
dimension to the global effort to live up to the 
promise made in the 1968 Nuclear Nonprolif- 
eration Treaty, the future of which has come 
into question. 

The shadow in this volume’s title refers to 
the chastening threat of nuclear war. The com- 
plexity and particularity of the nuclear story 
in each country surveyed reminds us that the 
people responsible for preventing the darkness 
of nuclear war would benefit from the light 
that careful scholarship can provide. The illu- 
mination offered in The Long Shadow should 
be welcomed. a 
George Perkovich is vice-president for studies at 
the Carnegie Endowment for International Peace 
and is a co-editor of the book Abolishing Nuclear 
Weapons: A Debate. 
e-mail: gpoerkovich@carnegieendowment.org 


Pugwash, nukes and peace 


After years of backsliding on nuclear-weapons 
proliferation by the world’s superpowers, 
President Barack Obama has stated that he 
intends to “make the goal of eliminating all 
nuclear weapons a cen- 
tral element” in nuclear 
policy. His recently 
appointed chief science 
adviser, physicist John 
Holdren, spent ten years 
as chairman of the exec- 
utive committee for the 
Pugwash Conferences 
on Science and World 
Affairs, the peripatetic 
annual meeting of sci- 
entists and statesmen to 
discuss ways to control 
nuclear weapons. It is 
named after the Cana- 
dian village of Pugwash, 
Nova Scotia, where its 
first conference was held 
under the sponsorship of a wealthy Canadian 
philanthropist, Cyrus Eaton. 

The late Joseph Rotblat would have been 
heartened by these recent political develop- 
ments. Rotblat was the youngest signatory of 
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The Strangest Dream 
Film directed by Eric Bednarski 
Produced by the National Film 


Joseph Rotblat: A Man of Conscience 
in the Nuclear Age 

by Martin Underwood 

Sussex Academic Press: 2009. 


Professor Pugwash, The Man Who 
Fought Nukes: The Life of Sir Joseph 


Ryelands: 2008. 80 pp. £8.99 


the 1955 Russell-Einstein Manifesto against 
nuclear weapons, which gave rise to the first 
Pugwash Conference at the height of the cold 
war in 1957. Rotblat dedicated more than half 
a century to the fight to 
abolish nuclear weap- 
ons. In 1995, he and the 
Pugwash organization 
shared the Nobel Peace 
Prize. 

Two edited collec- 
tions on Rotblat were 
published soon after his 
death in 2005 at the age 
of 96. As yet there is no 
substantial biography, 
although one is being 
prepared by the writer 
Andrew Brown. Now, 
Rotblat is the focus of 
The Strangest Dream — a 
Canadian documentary 
film (http://tinyurl.com/ 
cnehl3) made to celebrate the centenary of his 
birth — which is intelligent, vivid and all the 
more powerful for its restraint; and the subject 
of two brief but interesting books — Martin 
Underwood's Joseph Rotblat and Kit Hill’s 
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Professor Pugwash, The Man Who Fought 
Nukes. Both authors are physicists who knew 
Rotblat personally. Hill is a long-standing 
collaborator in British Pugwash, as men- 
tioned in the foreword by UK Astronomer 
Royal Martin Rees. Underwood worked as a 
postdoc with Rotblat on the linear accelera- 
tor at St Bartholomew’s Hospital in London. 
Their books aim to introduce Rotblat’s life 
and work to distinct readerships — with 
uneven results. Ironically, it is the director of 
the film, Eric Bednarski, who, despite having 
missed meeting his subject in the flesh, brings 
Rotblat alive. 

Rotblat’s first words on screen express his 
attitude to his science. Speaking in the pre- 
cise, Polish-accented English he learned in 
wartime Britain in his thirties, he says: “If 
my work is going to be applied, I would like 
myself to decide how it will be applied” Not for 
Rotblat the seductive idea that scientists have 
no responsibility for the uses to which their 
discoveries are put. Ethics were as important 
to him as experiments. 

Born in 1908 into a religious Jewish 
family in Warsaw, reduced to penury by 
the First World War, Rotblat was forced to 
become an electrician after leaving school. 
Eventually he entered academic physics 
through evening school, worked under a 
professor trained by Marie Curie and, in 
mid-1939, left Poland for the University of 
Liverpool, UK, to conduct nuclear-physics 
research under James Chadwick, discoverer 
of the neutron. Atomic fission had just been 
discovered in Germany, and even before leav- 
ing Poland, Rotblat had privately visualized 
that fission could lead to an atomic bomb. 
Wrestling with his conscience — like Albert 
Einstein in 1939 — and leaving behind his 
Polish wife, who was eventually 
sent to a Nazi death camp, he 
decided that he must work on the 
bomb in case the Germans built 
one first and won the war. Chad- 
wick, at first reticent to discuss 
such a sensitive subject with an 
‘alien, however friendly and able, 
finally got permission to bring 
Rotblat to join his team at the 
Atomic Research Laboratory in Los Alamos, 
New Mexico — the Manhattan project. 

Rotblat was the sole physicist to leave Los 
Alamos on grounds of conscience before 
the atomic bomb was dropped on Japan in 
August 1945. At a dinner party in 1944, he 
learned from the US army general in charge 
of the Manhattan project that the real target 
was Russia, and from Chadwick that Nazi 
Germany had abandoned its rival project. 
He resigned immediately and returned to the 
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Joseph Rotblat won a Nobel prize for his work on nuclear disarmament with the Pugwash organization. 


United Kingdom under a cloud of suspicion 
from US intelligence that he was a spy for the 
Soviet Union. A trunk of his papers mysteri- 
ously disappeared in transit from Los Alamos, 
presumably into the archives of the Federal 
Bureau of Investigation. Some other bomb- 
making physicists felt qualms in 1945 and 
even protested to the authorities, but only 
Rotblat had the “courage” to risk his career 
for his convictions, observes Pakistan Pug- 
wash nuclear physicist Pervez Hoodbhoy in 
the film. “He was not the kind of man to be 
told what to think,” says Rotblat’s 

Polish niece Halina Sand. 
This is mainly why Pugwash 
was effective during the cold war. 
The first conference was attended 
by one lawyer and 21 scientists 
from the United States, the Soviet 
Union, the United Kingdom, 
China, France, Poland, Aus- 
tralia, Japan, Austria and Canada. 
Despite pressure from governments, Rotblat 
and the Pugwash Conferences refused to toe 
official lines. Instead, participants — whether 
Soviet scientists or statesmen such as former 
US defence secretary Robert McNamara 
— spoke as individuals. The meetings were 
private, but not secret, and held without the 
presence of the media. Formal speeches were 
generally eschewed; discussions took place 
around a table and informally, with the agree- 
ment that contributions would not be publicly 
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attributed to individuals, so they could speak 
relatively freely. The result, notes Underwood, 
is that Pugwash was instrumental in achiev- 
ing the signing of the Partial Test Ban Treaty 
in 1963 and, in 1972, both the Biological 
Weapons Convention and the Anti-Ballistic 
Missile Treaty. It also helped mediate between 
Moscow and Washington DC during the 
Cuban missile crisis of 1962, and established 
strong links with the Soviet leader Mikhail 
Gorbachev, who admired Rotblat, at the 
time of Gorbachev’s arms negotiations with 
US President Ronald Reagan in the 1980s. 

Underwood emphasizes politics more 
than science, and writes conventionally. Hill 
is more impressionistic and quirky, with the 
science explained at a very basic level in boxes. 
Both books contain errors; for example, Marie 
Curie’s second Nobel prize was not for work 
on “artificial radioactivity” done with her 
daughter, as claimed by Hill. But it is nice to 
know from his book that Captain Pugwash, 
the British comic-strip pirate created in 1950 
— whose fame initially made Rotblat sus- 
pect that Eaton’s offer of sponsorship was a 
hoax — later sent the Pugwash Conferences a 
congratulatory scroll. 

is a visiting fellow of Wolfson 

College, University of Cambridge, Cambridge 
CB3 9BB, UK. His book Einstein: A Hundred Years 
of Relativity contains material by Joseph Rotblat 
on Einstein's quest for global peace. 
e-mail: ar471@cam.ac.uk 
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OPINION 


OSA: The art of transmutation 


James Acord is the only sculptor licensed to work with radioactive materials. Formally trained in nuclear 
physics, he tells Nature why he thinks contaminated nuclear sites should be marked for future generations and 
explains his obsession with the nuclear age. 


Why do you think nuclear sites should be 
marked? 

The land around the decommissioned US 
nuclear-processing facility in Hanford, 
Washington state, is so contaminated 

that it will never be completely cleaned 

up. Far into the future the site should 

carry warnings that transcend changes in 
language and society to discourage people 
from growing crops there. I would love 

to produce something of lasting aesthetic 
significance, both as a warning marker and 
as a commemorative piece for the advent 
of the nuclear age. I lived at the site for 

7 years but I never really fitted in. Being 

an artist made me an outsider in a largely 
engineering and scientific community. I live 
in Seattle now. 


What are you working on? 

My attention is on a device here in my 
studio that transmutes uranium to 
plutonium. It symbolizes the process 

that produced the plutonium for the first 
nuclear-weapon test during the Second 
World War. Transmutation, which I define 
as changing the number of protons in 

any atomic element, is an inevitable tool 

of sculpture — altering one material into 
another. In the device (sketched below), I’ve 
taken the radioactive element americium — 
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Sculptor James Acord wants 
to create artwork to mark the 
US facility that first produced 
plutonium for weapons. 


a source of a-radiation — out of dismantled 
smoke detectors and put it in contact 

with a small emerald, which converts the 
a-particles into neutrons. A six-centimetre- 
thick slab of beeswax then serves as a 
hydrogen moderator, increasing the chances 
of transmutation. The neutrons coming 

out of the beeswax filter go into triuranium 
octoxide, which is found in a red glaze used 
in 1940s ceramics. Some of the uranium in 
the glaze will become plutonium. 


Has your work been well received by the 
nuclear industry? 

I confess that I’m disappointed and surprised 
at how little support I’ve had. Some of my 
ideas, such as finding a way of transmuting 
the element technetium-43 to ruthenium-44, 
are as great as sliced bread and I don't see why 
the people running nuclear reactors won't 
invite me in to use them. There’ a sense in the 
scientific and engineering community that 
artistic use of the nuclear process is frivolous. 
But this makes me more determined. 


Why were you blocked from using a 
reactor while an artist-in-residence? 
During my 1998-99 residency at Imperial 
College London, my goal was to use 

their reactor to transmute technetium to 
ruthenium. However, while I was there, 

a couple of nuclear accidents occurred in 
the world. A senior member of staff said I 
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couldn't use it: ‘absolutely not, we don’t want 
any publicity; we don't want Londoners to 
know were operating a nuclear reactor in the 
city. I got my nose out of joint about it and 
made some metal sculptures that said in gold 
foil ‘no access’ 


What do you think about nuclear politics? 
There’s no reason for me to be either pro- or 
anti-nuclear. We are in a nuclear age, for 
good or for ill. The physics of the nuclear age 
is unmistakable and we'll have to embrace 
more nuclear energy in the future. But the 
number of people making decisions about it 
is extremely small. Sculpture, which is an art 
of technology, should be free to address the 
technology that is characteristic of our time. 


Is your sculpture safe even though it's 
made from radioactive materials? 

Do I think it’s safe? Yes I do. Is it legally 

safe? ’'m not so sure. The piece I’m doing 
now, strictly speaking, is not covered by my 
licence. The finished work of art, containing 
both uranium and plutonium, will be slightly 
radioactive. When I first began removing 

the uranium-bearing glaze from ceramic 
tableware, I wasn't very careful about dust 
inhalation. I suppose it has increased my 
chance of lung cancer. But at my age I don’t 
worry. Sculpture is a hazardous profession. ™ 
Interview by Daniel Cressey, a reporter for 
Nature. 
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Gini in the bottle 


Shahid Naeem 


An elaborate microcosm study has a message for the wider world: declining distributional equity among 
species, where the rare become rarer, and the dominant become more dominant, can put ecosystems at risk. 


In the 1770s, Joseph Priestley, the father of 
biogeochemistry’, conducted his famous 
experiments in which he placed mice and mint 
plants in bottles, and discovered the balance 
between ‘putrefying’ and ‘regenerative’ pro- 
cesses. Priestley thus began the tradition of 
using organisms in microcosms to explore 
nature. He and his colleagues clearly recog- 
nized the global significance of his findings, 
despite their small scale. On page 623 of this 
issue, Wittebolle et al.” describe ecological 
research in that tradition, but carried out 
with twenty-first-century tools. 


of course, with most ecosystems containing 
hundreds to thousands of plant, animal and 
microbial species. The balance between 
‘putrefying’ and ‘regenerative’ processes in 
nature is better known today as the balance 
between respiration, decomposition, photo- 
synthesis, primary production and many other 
ecosystem functions carried out by species that 
cycle matter between inorganic and organic 
forms. In the 1990s, motivated by growing 
concern over dramatic declines in biological 
diversity, ecologists began to test experimen- 
tally whether declining biodiversity — species 
richness — could adversely affect ecosystem 
functions. Early studies consisted of an eclectic 
mix of experiments, manipulating, for exam- 
ple, the richness of microbial species in Petri 
dishes or bottles, the richness of plant and 
animal species in growth chambers or artifi- 
cial ponds, or the richness of plant species in 
grassland plots. 

These investigations were surrounded by 
controversy, but most of them indicated that 
ecosystem functions, such as respiration and 
primary production, were indeed adversely 
affected by dramatic declines in biodiversity. 
Today, evidence that plant, animal and micro- 
bial biodiversity influences terrestrial’ and 
marine ecosystem functions‘ has been docu- 
mented by hundreds of studies. Such research, 
however, has focused on changes in species rich- 
ness, in spite of the fact that changes in the rela- 
tive abundance of species, or species evenness, 
are more prevalent and more likely to affect 
ecosystem function®®. Wittebolle et al.’ now 
report on what is probably the most elaborate 
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Figure 1| Implications of Wittebolle and colleagues’ results”. a, Relative species abundances in 

an initial community with maximum evenness, shown by the symbols, may alter in response to 
‘evenness drivers. Conservation, for example, may enhance evenness, whereas selective harvesting, 
species displacement by invasion, and agriculture reduce it. In consequence, ecosystem function 

will decrease (smaller square) or increase (larger square). b, With no environmental stress, highly 
uneven communities, such as agricultural systems, may exhibit high levels of ecosystem function, 

as shown by the largest square. Otherwise, a decline in functions accompanies declining evenness. 

c, Environmental stress, such as a change in temperature, pH or salinity, reduces ecosystem 
functioning with increasing severity as evenness declines. The smallest square depicts a system in 
which the dominant species was the most sensitive to the stress, and stress-resistant species were rare. 


microcosm study ever conducted to examine 
the influence of biodiversity on ecosystem 
function. It is devoted entirely to evenness. 
Manipulating richness is logistically chal- 
lenging but straightforward; manipulating 
evenness is not. To manipulate richness, one 
constructs replicate ecosystems that vary in 
numbers of species while holding the total 
number of individuals constant and distrib- 
uting individuals equally among species. For 
example, in an ecosystem that could be made 
up of three species totalling 300 individuals, 
one would manipulate richness by construct- 
ing replicates that contain 300 individuals of a 
single species, or 150 individuals each of two 
species, or 100 individuals each of three spe- 
cies. In contrast, to manipulate evenness, dis- 
tributional equity is varied. Thus, with three 
species, one would construct replicates con- 
taining 100, 100 and 100 individuals (known 
as perfect equity), 99, 99 and 102 individuals, 
98, 99 and 103 individuals, and so on until 
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reaching 1, 1 and 298 (near perfect inequity). 
As sucha complete experiment is not practical, 
a set of replicates is instead constructed that 
represents a comprehensive, unbiased sam- 
pling of possible abundance distributions. How 
to construct such a set is a considerable chal- 
lenge in the study of evenness. Wittebolle et al.” 
found an elegant solution based on a widely 
used metric of distributional equity; neverthe- 
less, implementing it still required a staggering 
1,260 microcosms. 

There are many metrics of evenness, each of 
which has its pros and cons’ ’. Of these metrics, 
Wittebolle et al. chose the Gini coefficient (G), 
whose virtue is that it is based on the Lorenz 
curve, a graphical representation that neatly 
describes distribution equity as the relation- 
ship between the cumulative proportion of 
species richness and the cumulative propor- 
tion of species abundance. Every communi- 
ty’s relative abundance can be described by a 
Lorenz curve; G is simply the area of the region 
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bounded by this curve and the straight-line 
diagonal describing perfect equity (see Fig. 3 
of Wittebolle and colleagues’ Supplementary 
Information’). 

Rather than mice and mint, Wittebolle et al. 
used bacterial species, which meant that their 
microcosms could be small — indeed, as wells 
in microplates, they were very small. Each 
well contained 18 denitrifying species (largely 
proteobacteria), at densities of 10’ per milli- 
litre. Denitrifying bacteria metabolize nitrates 
and nitrites, and the level of denitrification 
provided a measure of ecosystem function. 
With the aid of modern tools to assess net 
denitrification, such as flow cytometry, ultra- 
cold freezers, robot pipetters and spectro- 
photometric microplate readers, the microplate 
system made exploring evenness possible at a 
level of thoroughness simply unimaginable by 
more typical ecological methods. 

The thoroughness of this study’ makes its 
results rather convincing. The authors found 
that declining evenness affects ecosystem 
functioning in much the same way as declin- 
ing richness does. But the magnitude of the 
impact depends on the nature of the stress the 
ecosystem is experiencing and the functional 
traits of the dominant species (such traits 
are the properties that govern how species 
respond to or affect their environment, in this 
case’ tolerance to cold or salinity; Fig. 1). For 
example, no bacterial species fared well when 
microcosms were exposed to cold stress. When 
exposed to salinity stress, however, some spe- 
cies were more salt tolerant than others; thus, 
microcosms with greater evenness were more 
likely to have enough salt-tolerant individuals 
to assure net denitrification. 

These findings do not mean that we should 
run out and increase species evenness. Natural 
ecosystems are typically uneven, but the real 
world is highly heterogeneous, spatially and 
temporally, unlike the highly controlled con- 
ditions of this study. In the real world, differ- 
ent species will naturally dominate in different 
places and at different times, so the potential 
value of rare species is missed in studies where 
conditions do not fluctuate. There is also a 
growing literature suggesting that the richness 
and evenness of functional traits’® are more rel- 
evant to ecosystem functioning than species 
richness and evenness. What mattered in this 
study, for example, was the diversity of stress- 
tolerance traits, not the species diversity. The 
real world is also trophically complex, making 
one wonder what the results might have been 
if viruses or microflagellates that prey on the 
bacteria had been present. These are directions 
future research should take; but as the level of 
detail in the authors’ supplementary material 
illustrates, to do that will be daunting. 

Do we need to go much further, however, 
before delivering the clear message of this 
research? Wittebolle and colleagues’ study is 
technically sophisticated, abstract and small 
in scale. Nonetheless, the implications are 
global, much as Priestley’s message about 
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the balance of nature was more than two 
centuries ago. Ecosystems worldwide are 
becoming dominated by one or a few domesti- 
cated or invasive species’’. So it seems likely 
that ecosystem functions and the services they 
provide are becoming less and less resilient 
to the stresses, such as climate change, nitro- 
gen deposition and salt-water intrusion, that 
are being generated by the world’s rapidly 
increasing population. a 
Shahid Naeem is in the Department of Ecology, 
Evolution, and Environmental Biology, 

Columbia University in the City of New York, 


New York, New York 10027, USA. 
e-mail: sn2121@columbia.edu 
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SOLID-STATE PHYSICS 


Spin's lifetime extended 


Jaroslav Fabian 


Electrons in semiconductors are subject to forces that make their spins flip. 
According to new evidence, if an ensemble of spins curls into a helix, the 
collective spin lifetime can be greatly enhanced. 


Over the past decade, electron spin — the 
electron’s intrinsic rotation, which is com- 
monly described as ‘up’ and ‘down and which 
gives rise to its magnetic moment — has come 
to the forefront of research in solid-state phys- 
ics. A whole new field, called spintronics’*, has 
emerged as an umbrella for both applied and 
fundamental research on spin transport and 
spin control in metals and semiconductors. 
On the applied front, spintronics is already 
realizing its potential in applications such as 
magnetic read heads in computers’ hard disks 
or magnetic random-access memories that are 
non-volatile — that is, they can retain infor- 
mation even when the power is turned off. On 
the fundamental side, the field is generating 
equally fascinating discoveries of spin phe- 
nomena. One such discovery, the realization 
of a ‘persistent spin helix’ in a semiconductor 
is reported by Koralek and colleagues’ on page 
610 of this issue. 

Spin is an intrinsic property of the electron 
that never goes away. But unlike the electron 
charge it has two possible values, positive (up) 
and negative (down), which are linked to the 
spin-axis orientation. This means that the net 
spin of an ensemble of electrons can decay. 
Start with an ensemble of spin-up electrons 
and in a nanosecond or so you may find that 
they are equally ‘up’ and ‘down, resulting in an 
ensemble that has no net spin. 

In semiconductors, the major cause of spin 
decay is a rather weak, and up to recently under- 
appreciated, quantum interaction called 
spin-orbit coupling. This interaction couples 
the electron velocity (orbit) with the electron 
spin. The electron velocity changes randomly 
when the electron moves past imperfections 
in the semiconductor’s crystal structure or 
changes simply as a result of atomic-lattice 
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vibrations. Because of spin-orbit coupling, the 
spin orientation of the electron changes as well. 
But only a little: the electron needs thousands 
or even millions of velocity kicks, depending 
on the semiconductor, for its spin to flip and 
erase the memory of its original orientation. 

In spintronics applications, long — tens 
to hundreds of nanoseconds — spin relaxa- 
tion times (the time it takes an itinerant 
electron to flip its spin) are desired to preserve 
the information encoded in the spin as elec- 
trons travel through spintronic devices”. To 
inhibit spin relaxation as much as possible, we 
could envisage eliminating crystal imperfec- 
tions and atomic vibrations, but this would 
be a quixotic exercise in fighting the laws of 
thermodynamics. 

In their experiment, Koralek et al.° focus 
on spin-orbit coupling instead. Although 
such coupling cannot be switched off, it can 
be tailored by tuning the underlying spatial 
anisotropy of the semiconductor quantum 
well — a thin layer of semiconductor mater- 
ial (in this case, gallium arsenide sandwiched 
between two layers of another semiconductor), 
which restricts the movement of electrons in 
the dimension perpendicular to the plane of 
the layer. The quantum well’s spatial aniso- 
tropy discriminates between two possible 
spin orientations in the plane of the quantum 
well. Because of spin-orbit coupling, this 
anisotropy is reflected in an anisotropy of 
spin relaxation’, which has been explored ina 
spectrum of themes, from spintronic devices’ 
to the propagation of plasmons (quanta of 
electronic plasma oscillations)’. 

By tuning such spatial anisotropy and by 
curling electron spins into a helical wave of 
a certain wavelength and pitch, Koralek and 
colleagues demonstrate that spin relaxation 
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Figure 1| Persistent spin helix. In a semiconductor quantum well, a thin layer of semiconductor 
material sandwiched between two other semiconductors, electrons are confined in the dimension 
perpendicular to the plane of the layer — that is, they move only along the layer (yellow). By a process 
known as optical orientation’, electron spins (arrows) can be made to orient out of the plane (a) or 
along one of the plane’s dimensions (b). In both cases, the electrons are subject to random forces that, 
in conjunction with an interaction called spin-orbit coupling, cause their spins to flip. Koralek and 
colleagues’ show that by combining these two spin orientations to form a helical wave of rotating spin 
orientation (c), and by fine-tuning the structural properties of the quantum well, the spins become 


largely protected against decay. 


becomes inhibited. The authors show that the 
collective spin-orientation wave persists for 
much longer than its individual spin compo- 
nents. That is, spins in the helical wave become 
immune against relaxation: spin-orbit cou- 
pling is effectively absent, making the spin 
unaware of the random velocity kicks. This 
so-called persistent spin helix, which was 
theoretically introduced by Bernevig et al.’, is 
based on a dynamical symmetry of the entire 
spin ensemble that is formally akin to the rota- 
tional symmetry a single electron spin enjoys 
in the absence of spin-orbit coupling (Fig. 1). 

Despite the appeal of the theoretical ideas 
behind the persistent spin helix, a theorist’s 
notion of fine-tuning spin-orbit coupling and 
creating rather special spin helices is a far cry 
from the experimental effort required to real- 
ize them. And yet Koralek and colleagues have 
succeeded in doing just that. Their experimen- 
tal demonstration of the persistent spin helix is 
a remarkable feat. 

To create spin-orientation waves of the 
required wavelength, the authors used a tech- 
nique known as transient spin grating’*”’. 
In their experiment, two non-collinear laser 
beams of light linearly polarized in orthogonal 
directions interfere at the plane of the quantum 
well and produce a sinusoidal pattern of light 
helicity: stripes of alternating circular polariza- 
tion (helicity) of light. Such a pattern of helicity 
can orient electrons’ spins through a process 
called optical orientation’ and generate a spin- 
orientation wave. Say that right- or left-circu- 
larly polarized light creates spin-down and 
spin-up electrons, respectively. The pattern of 
light helicity then translates into an identical 
pattern of electron spin orientation. The wave- 
length of such a spin-orientation wave can be 


tuned by changing the angle between the two 
interfering laser beams. 

The resulting (linearly polarized) spin-ori- 
entation wave can be viewed as composed of 
two spin helices — waves of rotating spin ori- 
entation. One helix rotates clockwise, the other 
anticlockwise. Under the right conditions, only 
one of them is the persistent spin helix. The 
other helix decays as usual. By watching the 
temporal evolution of the spin-orientation 
wave pattern with probe laser beams, we 
should in principle spot an initial fast decay of 
the normal (non-persistent) helix, followed by 
a much slower decay of the persistent one. 

This is exactly what Koralek and colleagues 


find in their experiments. By suitably tuning 
the structural composition of the quantum 
wells, achieved by varying both the width and 
the degree of doping asymmetry of the quan- 
tum well, the authors show that the emergent 
persistent spin helix lasts a hundred times 
longer than the normal one. The spins curl 
themselves up to ward off spin relaxation. The 
slow decay of the persistent spin helix is caused 
by residual spin-orbit interactions. 

Koralek and colleagues’ experimental reali- 
zation of the persistent spin helix is a break- 
through towards minimizing and controlling 
spin relaxation in electronic systems. The next 
chapter in the field of spintronics is one that 
deals with ways of controlling the spin’s lifetime 
electrically. That could be achieved by turning 
spin helices on and off with an electrical gate, 
or by demonstrating their role in the predicted 
drastic increase of electrical spin injection 
efficiency, an essential part in the operation 
of spintronic devices”. For the spin, this is as 
good as it gets — at least for now. o 
Jaroslav Fabian is at the Institute for Theoretical 
Physics, University of Regensburg, 

93040 Regensburg, Germany. 
e-mail: jaroslav.fabian@physik.uni-regensburg.de 
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DNA REPAIR 


New tales of an old tail 


Jiri Lukas and Jiri Bartek 


Modifications of DNA-associated histone proteins maintain genome 
integrity. On damage to DNA, phosphorylation of histone H2A.X 
determines whether repair is justified or if the damaged cell must die. 


Chromosomal DNA wraps around histone 
proteins to form a complex scaffold called 
chromatin’. The reorganization of these pro- 
teins following DNA damage is crucial for 
repairing the damage, and so maintaining 
genomic integrity and reducing the likelihood 
of cell death or cancer. One such histone modi- 
fication — known as y-H2A.X — follows DNA 
double-strand breaks (DSBs) and involves 
phosphorylation by the enzyme ATM of serine 
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residue 139, which is located in the carboxy- 
terminal tail of the histone variant H2A.X 
(ref. 2). y-H2A.X generates a chromosomal 
microenvironment that promotes recruitment 
of repair proteins’ and facilitates DNA repair 
to reduce the risk of mutations’. But how this 
modification is regulated and how it affects 
cell fate have remained elusive. Two papers”, 
including one on page 591 of this issue, provide 
insights into these questions. 
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The discovery of DSB-induced y-H2A.X 
sparked enormous efforts to decipher how 
repair and signalling proteins assemble into 
foci on chromatin marked by this modifi- 
cation. The search concentrated mainly 
on identifying repair factors and other 
histone modifications operating down- 
stream of y-H2A.X — hence ‘moving away’ 
from this priming DSB-associated histone 
mark. But it emerges that another key 
chromatin modification in response 
to DSBs also occurs in the H2A.X 
tail, just three amino acids away from 
serine 139 (S139). 

Indeed, Xiao et al.° and Cook et 
al.° have now independently discov- 
ered that tyrosine residue 142 (Y142) 
of H2A.X is also phosphorylated 
(Fig. la). Both groups show, how- 
ever, that unlike $139, Y142 is already 
phosphorylated in unstressed cells 
and becomes gradually dephosphory- 
lated after DNA damage. Even more 
unexpectedly, dephosphorylation of 
Y142 seems to be a prerequisite for 
the y-H2A.X modification, indicating 
that the phosphorylation status of the 
Y142 residue of H2A.X regulates what 
has been considered the main trigger 
of the entire DSB-induced chromatin 
pathway. Such a twist in our thinking 
about genome-maintenance mecha- 
nisms clearly deserves a closer look. 

The starting point for Xiao et al.” 
was the observation that the evolu- 
tionarily conserved Y142 in human 
H2A.X is phosphorylated in vivo. 
They then found that components of 
the WICH chromatin-remodelling 
complex”* interact with the carboxy 
terminus of H2A.X, where Y142 is 
located. Strikingly, they showed that 
the WSTF component of WICH has 
tyrosine-kinase activity, enabling it 
to phosphorylate Y142. The authors 
also found that, after DNA damage, 
WSTF dissociates from chromatin 
— consistent with a decrease in Y142 
phosphorylation — making way for 
the y-H2A.X modification (Fig. 1b). 

Cook et al.° observed that, dur- 
ing embryonic development of 
mouse kidney, deletion of either 
Eyal or Eya3 — genes encoding 
protein-phosphatase enzymes that 
dephosphorylate tyrosine residues 
— coincides with increased y-H2A.X. 
The authors also found that the Eyal and Eya3 
enzymes bind to and co-localize with y-H2A.X 
at foci of DSBs in the nucleus, leading them to 
consider that H2A.X might be phosphorylated 
on a tyrosine residue; indeed, they identified 
Y142 as the target. What's more, in agreement 
with the observations of Xiao and colleagues, 
Cook et al. report that after DNA damage there 
is an Eyal- or Eya3-dependent decrease in 
tyrosine phosphorylation of H2A.X (Fig. 1b). 
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Figure 1| A matter of life or death®*. a, Normally, the WSTF kinase 
associates with the carboxy terminus of the histone variant H2A.X 
and phosphorylates its Y142 residue. Thus, chromatin remains in 

a ‘standby’ mode with no unnecessary DNA repair events. b, When 
DNA double-strand breaks occur after exposure to genotoxic agents, 
WSTF dissociates and is replaced with the Eyal/3 phosphatases, 
which dephosphorylate Y142, facilitating $139 phosphorylation (the 
y-H2A.X modification) by the ATM enzyme. What happens next 
depends on whether the damage is repairable. c, If repair is possible, 
phosphorylated $139 recruits MDC1 and other repair factors. 

d, If it is not, the y-H2A.X tail might undergo conformational changes 
that allow maintenance or re-phosphorylation of Y142. This would 
prevent retention of repair factors, and instead attract the JNK1 
complex, which promotes apoptosis. 


Reducing Fya levels prevented DNA-damage- 
induced dephosphorylation of Y142 and the 
proper interaction of y-H2A.X with MDC1 — 
an adaptor protein that senses y-H2A.X and 
orchestrates the assembly of repair proteins on 
the chromatin at DSBs””*. 

Together, these findings*® make a com- 
pelling case for Y142 phosphorylation as 
a new modification of H2A.X and suggest 
that a balance between the kinase activity 


© 2009 Macmillan Publishers Limited. All rights reserved 


of WSTE and the phosphatase activity 
of Eya proteins regulates both the 
formation of y-H2A.X-marked chro- 
matin and the recruitment of repair 
factors to DSBs. And, besides uncover- 
ing another dimension of the chromatin 
response to genotoxic stress, each paper 
provides other surprising results. 

First, the WAC catalytic domain that 
Xiao and colleagues’ identified in the 
amino terminus of WSTF shares no 

sequence similarity with other known 
kinase enzymes* — an intriguing find- 
ing, the significance of which extends 
beyond DNA repair. WSTF prob- 
ably also phosphorylates substrates 
other than H2A.X, and the identi- 
fication of these might help explain 
the clinical symptoms associated 
with Williams—Beuren syndrome, a 
neurodevelopmental disorder linked 
to deletions of the WSTF gene. Fur- 
thermore, other proteins might con- 
tain a WAC domain, and a search for 
such hitherto unrecognized tyrosine 
kinases could be rewarding. 

Second, Cook et al.° report that 
peptides derived from the carboxy- 
terminal tail of H2A.X that were 
phosphorylated on both $139 and 
Y142 did not bind MDC1, con- 
sistent with the fact that Y142 
dephosphorylation is required for 
y-H2A.X-MDC1 interaction. What 
was unexpected, however, was that 
the doubly phosphorylated H2A.X 
peptide binds the protein kinase 
JNK1 — an established inducer 
of programmed cell death (apop- 
tosis). It seems, therefore, that phos- 
phorylated Y142 might function 
as a decision-maker, determining 
cell fate after DNA damage. When 
repair is possible, Y142 is dephos- 
phorylated, allowing the y-H2A.X 
modification and the recruitment 
of repair factors (Fig. 1c). Other- 
wise, Y142-phosphorylated H2A.X 
persists, recruiting the JNK1 com- 
plex to ‘switch to the pro-apop- 
totic mode, and eliminate cells 
with irreversibly damaged genomes 
from the organism (Fig. 1d). 

As with all inspiring discoveries, 
the work of Xiao et al.° and Cook 
et al.° raises yet more questions. As 
WSTF is the kinase responsible for 

Y142 phosphorylation — and could thus be 
viewed as a negative regulator of y-H2A.X 
— one would predict that reducing WSTF 
levels could facilitate y-H2A.X formation. In 
fact, the opposite happens: in the absence of 
WSTE, y-H2A.X and focus formation cannot 
be sustained, and MDC1 recruitment to DSBs 
is inhibited’. To explain this conundrum, Xiao 
et al.” propose that WSTF might also help adjust 
local chromatin structure for maintenance 
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of y-H2A.X. This is plausible, as the WICH 
complex also has chromatin-remodelling 
activity during DNA replication’”®. 

The main conceptual issue arising from Cook 
and colleagues’ results® is the proposed role of 
phosphorylated Y142 in promoting cell death. 
On one hand, the authors provide evidence for 
increased H2A.X-JNK1 interaction in cells 
exposed to high doses of radiation. This indeed 
supports the switch model, as such Y142-medi- 
ated recruitment of JNK to sites of DSBs helps 
direct cells towards apoptosis as a last resort. 
On the other hand, they show that Y142 is 
dephosphorylated after DNA damage, result- 
ing in the loss of the ‘docking site’ for JNK1. At 
first glance at least, this finding does not fit the 
switch model, calling for more work to recon- 
cile it with the observed pro-apoptotic effects 
of Y142 phosphorylation. It may be, however, 
that Y142 is re-phosphorylated after futile 
attempts to repair excessive DNA damage. 

Clearly, the issue of the efficiency of DSB 
repair and the role of posttranslational chro- 
matin modifications in this process is here to 


stay. Nevertheless, the two papers” provide 
a fresh conceptual framework and tools to 
tackle this challenge, which should enable 
us to better understand the genesis of major 
genome-instability diseases, including cancer, 
premature ageing and neurodegeneration. ™ 
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ONDER 


ENVIRONMENTAL SCIENCE 


Clean coal and sparkling water 


Werner Aeschbach-Hertig 


Subsurface storage of carbon dioxide is a major option for mitigating 
climate change. On one account, much of the gas sequestered in this way 
would end up as carbonic acid in the pore waters of the host rock. 


Atmospheric concentrations of greenhouse 
gases, especially carbon dioxide, continue to 
rise at an alarming rate. We seem unable to 
tame our appetite for fossil fuels on a mean- 
ingful timescale, and the concept of carbon 
capture and storage has emerged as a seri- 
ous option for reducing CO, emissions to 
the atmosphere. A ‘clean coal’ technology, in 
which CO, is collected from coal-fired power 
plants and stored safely below ground, might 
enable us to continue using this comparatively 
cheap and abundant energy source without 
climatic worries. 

However, little is known about the long-term 
fate of large quantities of CO, put into geologi- 
cal storage. Gilfillan et al.’ (page 614 of this 
issue) illuminate this crucial matter by show- 
ing that dissolution in groundwater is by far 
the most important trapping mechanism for 
CO, in the subsurface environment. In other 
words, sequestering CO, in geological forma- 
tions would probably produce vast quantities 
of highly CO,-enriched sparkling water. 

The safety of geological storage of CO, is 
obviously a central concern in planning carbon 
sequestration on a large scale. When CO, is 
injected into the subsurface, it will be retained 
by physical and geochemical mechanisms’. 
Physical trapping is provided by the presence 


of sealing, low-permeability rock formations 
above the targeted layer. Such cap rocks are 
essential features of natural gas and oil reser- 
voirs, and are a primary requirement for CO, 
storage sites. A further level of safety is added 
by geochemical interactions that remove the 
pure CO, phase, either through dissolution 
in water (solubility trapping) or by precipita- 
tion of carbonate minerals (mineral trapping). 
Clearly, mineral trapping is the preferable 
pathway, as it promises to store the carbon over 
geological timescales. 

To assess the risk of leakage from storage 
reservoirs, an expansive programme for 
monitoring underground CO, injection ina 
variety of geological settings has been called 
for’. There are onlya few currently active pilot 
sites, and more are needed. But that apart, such 
monitoring programmes can reveal the effects 
of carbon sequestration only on the engineer- 
ing timescale — they do not yield a direct 
answer to questions regarding the long-term 
behaviour of CO, in geological storage. 

In this respect, the approach taken by 
Gilfillan et al.' is logical and informative. 
The authors used CO,-rich gas fields as natu- 
ral analogues for future carbon-storage sites. 
Other researchers have exploited this idea’. But 
in offering a self-consistent evaluation of noble 
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50 YEARS AGO 

It often happens that investigators, 
particularly in the social 

sciences, must try to collect the 
information which they need 

by using questionnaires. One of 
the many problems that are apt 

to arise concerns the reliability 

of answers to questions which 
require an exercise of detailed and 
specific memory. Recently, the 
Tobacco Manufacturers Standing 
Committee issued a Research 
Paper (No. 2) entitled “The 
Reliability of Statements 

about Smoking Habits” by 

G.F. Todd and J. T. Laws... The 
authors show how statements 
about current smoking habits are 
generally reconstructed froma 
sort of ‘mental picture’ that the 
informant has of himself ‘in his role 
as asmoker’. Changes in smoking 
habits are far more frequent than 
is generally thought to be the case, 
and so any information about them 
which refers to the past, based, 

as it must be, upon a general and 
personal assessment of current 
practices, is very likely to be in error 
... recall is frequently mistaken 
both as regards the amount and 
the kind of smoking carried on. 
Apart from the special topical 
interest of this study, it has wide 
methodological implications which 
ought to be considered by all users 
of questionnaires. 

From Nature 4 April 1959. 


100 YEARS AGO 

The influence of breed on 
egg-production in poultry is 

well seen ina report recently 
issued by Messrs. E. and W. 
Brown from University College, 
Reading. Danish, American, and 
English Leghorns were kept under 
comparable conditions for twelve 
months, and careful record was 
kept of the number of eggs laid. 
The Danish birds had been bred 
to yield a large number of eggs 

of moderate size; the English 
birds, on the other hand, had 
been largely bred for exhibition 
purposes, for which egg-producing 
capacity is not needed... The 
profit on the English birds is shown 
to be much less than that on the 
Danish or American birds. 

From Nature 1 April 1909. 
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gas and carbon isotope data from nine natural 
gas fields in the United States, China and Hun- 
gary, the present study stands out by virtue of 
the large range of gas fields included and the 
methods used to identify the fate of the CO,. 

A central parameter of this analysis is the 
CO,/*He ratio of the gases. The basic idea is 
that *He, a noble-gas isotope originating almost 
exclusively from Earth’s mantle, behaves as a 
conservative tracer in the crustal environment 
of the gas reservoirs studied. The primary gas 
emplaced in these reservoirs has a character- 
istic CO,/*He ratio, often indicating that itis of 
magmatic origin. Any reduction of this ratio 
is ascribed to the removal of CO, from the 
gas phase. 

Gilfillan and colleagues’ first, intriguing, 
finding is that declining CO,/*He ratios in 
the gases are related to increasing concentra- 
tions of “He and “Ne. These correlations hold 
within individual fields as well as across the 
combined data set. The authors argue that 
this systematic behaviour strongly suggests 
that the gas has interacted with water, which 
provides a plausible source of crustal *He and 
atmospheric *Ne. Whereas the highly soluble 
CO, dissolves in the groundwater, the low- 
solubility noble gases He and Ne degas from 
the water into the gas phase, thereby producing 
the observed relationships. This indicates that 
solubility trapping is an important process, but 
does not rule out the possibility that mineral 
trapping also occurs. 

A quantitative assessment of the contribu- 
tions of the two trapping mechanisms is pro- 
vided by a second line of evidence based on 
the °C/C isotope ratios of the CO, gas. This 
ratio is expected to change if CO, is removed 
by the formation of carbonate minerals, as the 
heavier isotope “C precipitates preferentially. 
Such an isotope fractionation also occurs as 
CO, dissolves in water, but to a lesser degree, 
depending on the prevailing pH conditions. 
By comparing the observed relationships 
between the CO,/*He ratio (as a measure of 
CO, removal) and the °C/""C isotope ratio 
in the different gas fields with models of the 
expected fractionation for either process, the 
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Figure 1 | Bubbling 

up. The Wallender 
Born or ‘Brubbel} a 
CO,-driven cold-water 
geyser in the village of 
Wallenborn in western 
Germany, provides 

a natural illustration 
of CO, leakage from 
geological storage. 
Although largely 
harmless, such 
leakage would be 
undesirable in carbon- 
sequestration projects. 


authors show that the data are incompatible 
with mineral trapping, but can be explained 
by dissolution in water. 

Gilfillan and colleagues’ overall conclusion’ is 
that in the nine gas fields investigated, covering 


different geological settings, solubility trapping 
played a major part, removing up to 90% or 
more of the initially emplaced CO,. Mineral 
trapping played a minor part at best. Although 
dissolution in groundwater implies the possi- 
bility of CO, transport and eventual leakage to 
the atmosphere, as illustrated by Figure 1 and 
as is thought to occur in natural gas fields’, 
this result does not mean that safe geologi- 
cal storage is impossible. But it highlights the 
need for a thorough assessment of the hydro- 
geological setting of prospective storage sites. 
And it demonstrates the power of the meth- 
ods involved in assessing the effectiveness of 
different geochemical trapping mechanisms. m 
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HIV 


Immune memory downloaded 


Dennis R. Burton and Pascal Poignard 


An impressive system for retrieving large numbers of antibodies from 
memory B cells has been developed. It has been put into practice in an 
investigation of immune responses to the human immunodeficiency virus. 


Infection of an individual with a virus or a 
bacterium triggers a vigorous response in white 
blood cells, some of which — B cells — are 
stimulated to produce antibodies that target 
the invading pathogen. The antibodies may 
be produced too late to prevent symptoms of 
infection, but the next contact with the same 
pathogen will probably be symptom-free as 
antibodies are rapidly deployed to clear the 
pathogen. 

This antibody ‘memory, which is crucial to 
vaccine efficacy, has two forms: antibodies cir- 
culating in the blood, made bya very-long-lived 
type of B cell in the bone marrow known asa 
plasma cell; and B cells in the blood that can be 
stimulated to make antibodies on contact with a 
pathogen’. The latter ‘B-cell memory’ carries a 
record of the antibodies an individual has made 
in response to a given pathogen, and is of great 
interest, not least in guiding the design of better 
vaccines. On page 636 of this issue, Scheid et al.” 
describe the detailed characterization of B-cell 
memory responses in the context of infection 
with the human immunodeficiency virus. 
The paper contains insights that are both ofa 
general nature and likely to be specific to HIV. 

Dissection of the B-cell memory response in 
human blood requires individual monoclonal 
antibodies (specific for particular sites on 
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pathogen molecules) to be isolated from each 
B cell or each set (clone) of identical B cells. 
Scheid et al. accomplished this tour de force 
by selecting single-memory B cells specific 
for a preparation of the surface glycoproteins 
of HIV, amplifying antibody genes from each 
cell and then producing each antibody in a cell 
line (Fig. 1). In principle, sufficient numbers of 
B cells were sampled to reflect the full response 
to the glycoproteins. These glycoproteins were 
chosen because they are the sole target of anti- 
bodies able to neutralize the virus and prevent 
infection. The authors studied six HIV-infected 
donors whose blood sera can neutralize, to 
varying degrees, a range of different isolates 
of HIV. By analysing the antibody responses 
of the donors in detail, it was hoped to under- 
stand the origins of this broad neutralization. 
Scheid and colleagues did most of their work 
on four donors, on average isolating more 
than 100 monoclonal antibodies to the sur- 
face glycoprotein preparation per donor. Each 
antibody was exhaustively characterized at the 
genetic and protein levels. The antibodies from 
each donor could be classified into 20-50 fami- 
lies of antibody, with varying numbers of close 
relatives in each family. The sequences of the 
antibodies in each family are highly divergent 
from the sequences characteristically found 
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in antibodies before contact with a pathogen, 
providing evidence that they are highly evolved 
to specifically recognize HIV glycoprotein. 
Constant exposure of the individuals’ immune 
system to HIV over long periods is likely to be 
a significant factor here. Evolution is further 
reflected in the high affinities of the isolated 
antibodies for glycoprotein. Antibodies were 
found that bind across the whole surface of the 
glycoproteins, including to sites that have not 
been described previously. 

Scheid et al. attempted to understand the 
neutralizing activities of the donor sera against 
arange of HIV isolates in terms of the activities 
of individual antibodies and combinations of 
antibodies. They were only partly successful. 
No single broadly neutralizing monoclonal 
antibodies were identified, so pools of mono- 
clonal antibodies were tested. The pools for two 
donors showed neutralizing activity against 
representative HIV isolates, but only at high 
concentrations. 

So it seems that further neutralizing antibod- 
ies remain unidentified in the donors. There 
are various possible reasons for the failure to 
find them — a potential disconnect between 
antibodies made by memory B cells and 
serum antibodies made by plasma cells in the 
bone marrow’; dysfunction of the memory 
B-cell compartment in HIV-infected indi- 
viduals’; and Scheid and colleagues’ use of a 
glycoprotein ‘bait’ that may inefficiently select 
memory B cells making neutralizing antibod- 
ies. The design of an optimal bait, which should 
ideally exactly mimic the conformation of 
glycoproteins on the surface of HIV, and indeed 
should thereby be a good vaccine candidate, is a 
recurring problem in this field. 

One additional consideration that might 
help in understanding broad neutralization, 
using the approach of Scheid et al., is the 
increasing access to HIV-infected individuals 
with exceptional broadly neutralizing serum 
activity’. The identification of broadly neutral- 
izing monoclonal antibodies that target a size- 
able proportion of the huge diversity of global 
HIV is highly desirable, as this will favour vac- 
cine design’. Four such antibodies are already 
known to exist and, thanks to novel methods 
like that of Scheid et al., new ones are certain to 
be forthcoming. The alternative possibility ofa 
great number of antibodies, each targeting only 
a few HIV variants, is a less attractive basis for 
producing a practical vaccine. 

In most of the donors studied by Scheid et al., 
the HIV infection is under control. In some, the 
virus is kept to such low levels that the individ- 
uals concerned are known as elite controllers. 
But we must stress that there is no convincing 
evidence that antibody responses are respon- 
sible for the favourable clinical course seen in 
some HIV-infected people*”. In contrast, how- 
ever, there is strong evidence that neutralizing 
antibodies can prevent infection with HIV if 
those antibodies are present before exposure 
to the virus”. 

The work of Scheid and colleagues is an 
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Figure 1| Retrieving a B-cell memory response: Scheid and colleagues’ approach®. The memory 
B-cell population is purified from the complex mixture of cells in blood by using specific cell-surface 
markers. Each memory B cell expresses on its surface multiple copies of a single antibody (Y-shapes). 
Each antibody can bind to a defined site on a given protein. The use of the protein (yellow) as a ‘bait’ 
allows the selection of all the memory B cells that make antibodies able to recognize that particular 
protein. In principle, any protein from any pathogen could be used for selection to interrogate an 
individual’s memory B-cell response. Single B cells are then subjected to amplification of their 
antibody genes using the polymerase chain reaction (PCR), those genes then being incorporated 
into a cell line for producing antibodies. The end result is a large set of cell lines making monoclonal 


antibodies that can be individually characterized. 


advance in attempts to clone human antibody 
responses. It will be interesting to see how the 
responses identified by this method compare 
with those obtained from other approaches 
and sources, such as ‘gene rescue’ from plasma 
cells of recently vaccinated individuals!!, and 
from large repertoires or libraries of immune 
and naive antibodies displayed on the surface 
of selectable particles such as phage”. It will, 
of course, also be essential to take any new- 
won understanding of protective antibody 
responses at the molecular level and exploit it 
in designing better vaccines”. a 
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NEUROSCIENCE 


AMPA receptors get ‘pickled’ 


Alexander C. Jackson and Roger A. Nicoll 


In mediating fast synaptic communication in the brain, AMPA receptors 
require TARP auxiliary proteins. It seems that another distinct class of 
proteins also bind to AMPA receptors and regulate their function. 


It is now well established that ion channels are 
not solitary creatures, but often have an entou- 
rage of auxiliary proteins. Indeed, voltage-gated 
potassium, sodium and calcium channels form 
stable complexes with an assortment of both 
cytoplasmic and transmembrane proteins that 
profoundly affect their localization and func- 
tion’. The ligand-gated cation channels referred 
to as AMPA receptors (AMPARs) — a subtype 
of receptors activated by the neurotransmitter 
glutamate — are also known to robustly and 
selectively interact with a family of proteins 
termed transmembrane AMPA-receptor 
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regulatory proteins (TARPs). As the first known 
examples of auxiliary subunits for ligand-gated 
ion channels, TARPs regulate both the sur- 
face expression and biophysical properties of 
AMPARs””, Writing in Science, Schwenk et al.’ 
describe the unexpected interaction between 
AMPARs and another family of transmem- 
brane proteins, named after the French word 
for a type of pickle — the cornichons. They find 
that, like TARPs, cornichons seem to influence 
both the intracellular trafficking and gating 
activity of AMPARs (Fig. 1, overleaf). 

The regulation of AMPARs at excitatory 
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synapses between neurons are of particular 
interest, because plastic changes in the locali- 
zation and function of these receptors are 
thought to underlie certain forms of learn- 
ing and memory”. Stargazin, the prototypi- 
cal TARP, was originally identified as being 
essential for the surface expression of AMPARs 
and for targeting them to synapses in granule 
cells of the cerebellum. Apart from stargazin, 
which is also called y-2, the TARP family is 
now known to include y-3, y-4, y-5, y-7 and 
y-8. These transmembrane proteins are widely 
expressed in the central nervous system and are 
intimately involved with AMPARs throughout 
their lives — from synthesis to surface expres- 
sion and synaptic targeting””. 

TARP proteins localize to synapses through 
motifs in their carboxy terminus that bind to 
the PDZ domain of scaffolding proteins, such 
as PSD-95, in postsynaptic neurons”. TARPs 
are also powerful modulators of AMPAR 
gating and pharmacology: they slow channel 
deactivation and desensitization; enhance 
single-channel conductance; convert the 
partial agonist kainate into a full agonist; and 
cause the competitive antagonist CNQX to act 
as a partial agonist’. 

Schwenk and colleagues’ data‘, however, 
indicate that TARPs are not the only intimates 
in AMPARs inner circle. The authors used a 
proteomic approach to uncover the identity 
of proteins in the rat brain that interact with 
AMPAR subunits. They detected two pro- 
teins that had not previously been linked with 
glutamate-receptor trafficking or synaptic 
transmission — CNIH-2 and CNIH-3. 

These members of the mammalian CNIH 
family are homologous to the cornichon pro- 
teins, which have been characterized primarily 
in flies and yeast. In both the fruitfly Drosophila 
and mammals, cornichon is a cargo receptor 
necessary for the export of epidermal growth 
factor receptor (EGFR) ligands from the endo- 
plasmic reticulum, a subcellular organelle*’. 
This common mechanism of action under- 
scores the remarkable phylogenetic conserva- 
tion of function among cornichon proteins””. In 
this context, a close association with AMPARs 
seems to bea decidedly extracurricular activity 
for the cornichons. 

Schwenk et al. posit that a surprisingly small 
proportion (30%) of AMPARs associate with 
TARPs, with the remaining 70% forming 
complexes with CNIHs. The proportion of 
TARP-associated AMPARs proposed may be 
an underestimate, however, as the authors used 
an antibody directed against y-2/3 as a proxy 
for all TARPs. In fact, the other TARPs, includ- 
ing y-4, y-5, y-7 and y-8, are also expressed in 
the brain and exhibit a robust association with 
AMPARs”*!»2?, 

Nevertheless, the suggestion that native 
AMPARs can be parsed into mutually exclu- 
sive pools — one associated with TARPs 
and another with CNIHs — is intriguing. As 
TARPs have carboxy-terminus PDZ-binding 
motifs and CNIHs do not, it is tempting to 
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Figure 1| AMPA receptors expand their circle of friends. a, Schwenk et al.* show that, in addition 

to TARPs, the AMPA subtype of glutamate receptors (AMPARs) can bind to another group of 
transmembrane proteins — CNIHs. Like TARPs, CNIHs mediate trafficking of AMPARs to the cell 
surface. b, Moreover, CNIHs slow the deactivation (illustrated) and desensitization of AMPARs that 
have been activated by glutamate. (b adapted from ref. 4.) 


speculate that there is a division of labour 
between these two sets of auxiliary proteins 
in their handling of AMPARs. Are there two 
trafficking pathways for AMPARs, one TARP- 
dependent and the other CNIH-dependent? 
Are TARPs and CNIHs interchanged during 
their transport from one subcellular compart- 
ment to another, or from extrasynaptic sites 
to synaptic sites? Can TARPs, CNIHs and 
AMPARs form ternary complexes? And could 
it be that a portion of the CNIH-associated 
pool of AMPARs remains in the endoplasmic 
reticulum, reflecting the established role of 
CNIHs in trafficking EGFR ligands? 

Apart from forming complexes with AMPAR 
subunits, CNIH-2 and CNIH-3 share other 
features with TARPs. Like TARPs, CNIHs 
are widely distributed in the brain and are 
expressed in principal neurons, interneurons 
and glial cells in the brain’s hippocampus, 
cerebellum and neocortex. A clear exception 
is cerebellar granule cells, in which CNIHs 
are conspicuously absent and in which surface 
expression and synaptic targeting of AMPARs 
have been shown to rely on y-2 (refs 2, 3). It is 
also interesting to note that two other members 
of the mammalian cornichon family, CNIH-1 
and CNIH-4, are widely expressed in the mouse 
brain’, although to date they have no clear neu- 
ronal function. Whether the differential expres- 
sion of TARPs and CNIHs is cell-type specific, 
and how their functions segregate or overlap in 
single cells, are questions that are likely to pique 
the curiosity of researchers in the field. 

Another property that CNIHs share with 
TARPs is that they not only modulate AMPAR 
trafficking, but also dramatically slow the deac- 
tivation (Fig. 1b) and desensitization kinetics 
of these receptors, thus potentially enhanc- 
ing the charge transfer associated with syn- 
aptic events” *”. Intriguingly, the magnitude 
of CNIHs'’ effect on AMPAR kinetics greatly 
outstrips that of y-2. It will be interesting to 
assess what other effects CNIHs have on the 
biophysical properties and pharmacology of 
AMPARs, especially when compared with 
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the established effects of TARPs. For instance, 
what is the influence of CNIH association on 
the single-channel conductance of AMPARs? 
Do CNIHs dramatically influence kainate effi- 
cacy, like TARPs? Is glutamate affinity altered 
by CNIH-AMPAR interactions? And can 
CNIHs modify TARP-associated AMPARs, 
or vice versa? 

These are exhilarating times for the study of 
glutamate-receptor regulation. Several other 
candidate auxiliary subunits for ionotropic 
glutamate receptors have also emerged in the 
past few years: NETO1 and NETO2 for kain- 
ate receptors”, NETO1 for NMDA receptors’, 
and SOL-1 for GLR-1 receptors in the nema- 
tode worm Caenorhabditis elegans’. Along 
with cornichons, these discoveries add richness 
and diversity, as well as further complexity, to 
our view of glutamate-receptor regulation in 
the nervous system. Having identified these 
new players, it will be of great interest to inves- 
tigate their potential roles in development, in 
synaptic-plasticity mechanisms associated with 
learning and memory, and in the mechanisms 
underlying disease. a 
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COSMOLOGY 


Deep view — aslice 
of the Hubble Space 
Telescope’s view of 

the visiblé Universe. 


Dark matter and dark energy 


Robert Caldwell and Marc Kamionkowski 


Observations continue to indicate that the Universe is dominated by invisible components — dark matter 
and dark energy. Shedding light on this cosmic darkness is a priority for astronomers and physicists. 


Whatis the composition of the 
Universe? 

In terms of their contribution to the mean 
energy density, the contents of the Universe 
are approximately 75% dark energy, 20% 
dark matter and 5% normal (atomic) matter, 
with smaller contributions from photons and 
neutrinos. These measurements rely on the 
validity of the hot Big Bang model, general 
relativity and the cosmological principle (that 
the Universe is uniform on the largest scales). 
The breadth and depth of experiments and 
observations that support these underlying 
tenets give us confidence that this model of 
the cosmos has a solid foundation. 


What is the evidence for dark matter? 

We can infer the presence of dark matter 
through indirect methods, despite not being 
able to see it (Fig. 1, overleaf). Newton's laws 
state that the mass of a body can be determined 
by the motion of its satellites. Thus, it has been 
calculated that the mass of galaxy clusters is 
far larger than that of their constituent galax- 
ies, and that the mass of galaxies is far larger 
than the combined mass of their constituent 
stars and interstellar gas. And there is plenty 
more corroborating evidence. Yet there is very 
good reason to expect that this extra ‘stuff’ 
is not normal matter. Such an abundance of 
normal matter would be difficult to conceal 
from the prying eyes of astronomers, and 
would furthermore leave a distinct signature 
in the cosmic microwave background (CMB) 
radiation (relic radiation from the Big Bang), 


and in the properties of galaxies and clusters, 
that is simply not seen. 


Why can’t we conclude that Newton's 
laws break down at the distance scales 
of galaxies or clusters? 

This might have been a reasonable hypothesis a 
few decades ago. However, any alternative grav- 
ity theory that accounts for the observed galaxy 
and cluster dynamics must also explain the vast 
body of data on gravitational lensing (the deflec- 
tion of light from distant sources), the CMB 
and large-scale structures. At the same time, it 
must also satisfy a suite of precise constraints on 
gravity obtained within the Solar System. 


How much dark matter is there nearby? 
The orbital velocities of stars in the Milky Way 
suggest a mean mass density of dark matter in 
our neighbourhood of about a third of a proton 
mass per cubic centimetre. For perspective, this 
is 10° times greater than the mean density of 
the cosmos, but 24 orders of magnitude smaller 
than the mean density of water. Because what- 
ever objects make up dark matter move in the 
same Galactic gravitational potential well as 
stars, we know that they must be moving with 
velocities of about 200 kilometres per second. 
Earth’s orbit around the Sun implies that the 
amount of dark matter incident on the Earth 
varies by about 10% from summer to winter 
(Fig. 1). Furthermore, the distribution of galac- 
tic dark matter may not be smooth; galaxy 
formation is an ongoing process, and com- 
putational studies suggest that there may be a 
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significant amount of dark-matter substructure 
in the form of clumps and tidal streams. 


What is the best bet for the nature of 
dark matter? 

From the vast array of proposals, the most 
promising ideas involve novel elementary par- 
ticles. Among the candidates that have with- 
stood long-standing theoretical scrutiny are 
weakly interacting massive particles (WIMPs) 
and axions. WIMPs, like neutrinos, interact 
only weakly with ordinary matter. They arise 
naturally in extensions to the standard model of 
particle physics (for example, in supersymme- 
try or in models with large extra dimensions). 
Detection of WIMPs is one of the primary goals 
of the Large Hadron Collider (LHC) at CERN 
near Geneva, Switzerland. The other candidate, 
the axion, is an elementary particle hypoth- 
esized to explain some of the symmetries of the 
strong interactions that bind quarks in protons 
and neutrons. There are other possibilities, so 
it is necessary to keep an open mind. However, 
constraints on the strength of the interaction of 
dark-matter particles with ordinary matter, their 
stability against decay and their ‘coldness’ — 
dark-matter particles today must move slowly 
compared with the speed of light — allow the 
range of possibilities to be pared down. 


What experiments or observations 

can help? 

Clearly, the most compelling resolution to 
the dark-matter problem would be the direct 
detection of dark-matter particles. Currently, 
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there are some 20 experimental projects 
seeking to detect WIMPs by observing the 
10-100 kiloelectronvolts of energy that would be 
deposited in a detector when a WIMP from the 
Galactic halo scatters from an atomic nucleus 
in the detector and makes it recoil. The target 
nuclei in some of these experiments are located 
in metallic crystals; the nuclear recoil is then 
detected through the recoiling energy collected 
in the detector. The challenge in these and other 
dark-matter detection experiments is to distin- 
guish the signature of dark matter from the crowd 
of terrestrial-radiation backgrounds. But the 
current generation of experiments is becoming 
sufficiently sensitive that it will soon be possible 
to vet some of the leading particle-physics mod- 
els for dark matter. The discovery of unknown 
particles at the LHC would greatly narrow the 
range of dark-matter candidates and boost our 
confidence that we are on the right track. But 
it would not eliminate the need for an in situ 
astrophysical detection. 


Haven't there already been claims of 
dark-matter detection? 
Yes. The DAMA experiment, operating deep 


underground at the Gran Sasso National 
Laboratory in Italy, has reported detection of 
the tell-tale annual modulation in dark-matter 
flux consistent with Earth’s orbit through the 
Galactic dark-matter halo. This signal has 
not been corroborated by other experiments. 
Because other experiments use different tar- 
get nuclei, the various results can only be com- 
pared in the context of specific theories of dark 
matter. The mass of the simplest, ‘supersym- 
metric WIMPs and their couplings to normal 
matter, proposed to explain the DAMA result, 
have been excluded by the other experiments. 


How else can we see dark matter? 

Although individual WIMPs are in theory stable, 
pairs of WIMPs can ‘annihilate’ producing high- 
energy photons and cosmic rays in the form of 
positrons (antielectrons), antiprotons and neu- 
trinos. Detection of such particles might pro- 
vide indirect evidence for dark matter. The most 
likely nearby sources of these annihilation prod- 
ucts would be the Galactic Centre, where the 
dark-matter density is high, or the cores of some 
of the dark-matter-dominated dwarf galaxies 
surrounding the Milky Way (Fig. 1). One telling 
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clue would be monoenergetic y-rays. There is 
a host of ground-based, balloon- and satellite- 
borne experiments looking for these clues. 


What about the cosmic-ray 
experiments... 

In 2008, PAMELA (Payload for Antimatter 
Matter Exploration and Light-nuclei Astro- 
physics), a satellite-borne cosmic-ray experi- 
ment, and the balloon-borne ATIC (Advanced 
Thin Ionization Calorimeter) experiment, 
reported an excess flux of high-energy cosmic- 
ray positrons. These observations might be a 
consequence of WIMP annihilation, but the 
observed flux is higher, by several orders of 
magnitude, than the simplest WIMP models 
predict. One interpretation is that WIMP dark 
matter is more complicated than previously 
thought. However, more prosaic astrophysi- 
cal explanations (such as particle acceleration 
by nearby pulsars) must be excluded before the 
anomaly can be attributed to dark matter. 


... and future possibilities for studying 
dark matter? 
Experiments to detect dark matter directly 


Sun 
: Observed 


Velocity of stars 


Distance from 
Galactic Centre 


~— Summer 


Winter —Ye 


Figure 1 | Dark matter and how it might be detected. a, b, The rotational 
velocity of its stars and gas indicates that the Milky Way is embedded in a 
dark-matter halo extending out to a radius of about 200 kiloparsecs (kpc). 
High-energy y-rays may be produced by the annihilation of dark-matter 
particles in neighbouring dwarf spheroidal galaxies and near the Galactic 
Centre, where the dark-matter density is expected to be highest. The 
dark-matter density may also be enhanced in the tidal stream of 
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matter that trails from the Sagittarius dwarf galaxy and entangles the 
Milky Way. c, Earth’s orbit through the Galactic dark-matter halo may 
produce a modulation of the dark-matter flux identified in experiments 
that aim to detect dark matter directly: a smaller (by about 10%) flux is 
expected when Earth moves in the same direction as the dark-matter 
‘wind’ from the Galactic halo (in winter) than when it moves against 

it (in summer). 
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aim to exploit the dark-matter WIMP ‘wind’ 
(Fig. 1) and isolate the characteristic annual 
modulation in the WIMP flux from other 
background signals of terrestrial origin. Mean- 
while, Gaia, a satellite mission set to launch 
in the near future, aims to chart the position 
and motion of about 10” nearby stars; this 
map will be used to trace out the gravitational 
field of the Milky Way, and thereby infer the 
dark-matter distribution in its dark-matter 
halo. A variety of experiments, including that 
using the recently launched Fermi Gamma- 
ray Space Telescope, will look for y-rays from 
WIMP annihilation. And high-energy neu- 
trino telescopes, such as IceCube at the South 
Pole, will look for neutrinos produced by the 
annihilation of WIMPs that have accumulated 
in the Sun and Earth. 


What about dark energy? 

The observation that the expansion of the 
Universe is speeding up (Fig. 2), instead of 
slowing down owing to the mutual gravita- 
tional attraction of matter, indicates that there is 
much more to the Universe than we understand 
at present. The leading interpretation is that 
the Universe is filled by something — dubbed 
dark energy — that ‘antigravitates. Whereas 
the possibility for gravitational repulsion does 
not exist in Newtonian gravity, it does exist in 
general relativity. The equivalence between 
matter and energy means that gaseous pres- 
sures caused by thermal molecular motions 
can be a source of gravitational fields. The 
gravitational field of a fluid with sufficiently 
negative pressure is repulsive. Although it may 
be difficult to imagine how molecular motions 
can give rise to a negative pressure, it has been 
realized that some of the quantum fields that 
arise in elementary-particle theory allow for 
fluids with negative pressure. Dark energy is 
thus simply the negative-pressure fluid that is 
postulated to account for cosmic acceleration. 


What is the best bet for the nature of 
dark energy? 

The simplest candidate for dark energy is 
Einstein's cosmological constant, which denotes 
a perfectly uniform fluid with negative pres- 
sure that is associated with the lowest energy 
(vacuum) state of the Universe. However, the 
observationally required value of the cosmo- 
logical constant is 10’”° times smaller than the 
theoretical expectation. Alternatively, dark 
energy might be due to a fluid of unknown 
particles, similar to the axion but much smaller 
in mass — quantum theory predicts that such 
particles could supply the requisite negative 
pressure to accelerate the cosmic expansion. 


How reliable are the known laws of 
gravitation on cosmological scales? 
General relativity works. It has been extremely 
well tested in the Solar System, and it is used 
to make sense of a vast catalogue of astro- 
physical and cosmological observations. 
These successes do not preclude the possibility 
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Figure 2 | Cosmic acceleration and dark 

energy. Type Ia supernovae, which result from 
the explosion of white-dwarf stars, are thought 
to be standard candles (objects of known 
brightness). This property allows astronomers 

to determine how far away such supernovae are, 
based on their apparent brightness as observed 
on Earth — the dimmer the object seems to be, 
the higher the value of its magnitude and the 
farther away it is. The observation that these 
supernovae are dimmer than expected, at a given 
recessional velocity, has led to the conclusion that 
the Universe’s expansion has been accelerating 
over approximately the past 5 billion years, 
before which the expansion was decelerating. 
The cause of this cosmic acceleration is widely 
attributed to dark energy. 


of variations in the laws of gravitation on 
cosmological length scales. A Pandora’s box 
of gravitational theories has been proposed 
to explain the accelerated cosmic expansion. 
But it is proving surprisingly difficult to tinker 
with gravity without running up against the 
precision constraints in the Solar System, and 
so far there are no compelling alternatives. 


Could dark matter and dark energy be 
related? 

It seems reasonable to consider the possibility 
of a ‘dark sector’, beyond the standard model 
of particle physics, containing a dark-matter 
particle and a dark-energy field. Both seem 
to require unknown sources of gravitational 
fields, one attractive and the other repulsive, 
but there have been no convincing proposals 
that unify the two phenomena. 


Could cosmic acceleration be caused by 
any other phenomena? 

One might consider new forms of gravitation 
(whereby normal matter produces the same 
antigravitational effect as dark energy), new 
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electromagnetic effects (whereby distant 
supernovae are artificially dimmed; Fig. 2), or 
some other flaw in our fundamental assump- 
tions (such as the statistical homogeneity and 
isotropy of the Universe on the largest length 
scales). The current state of observations does 
not favour one of these alternatives, but we 
must keep an open mind. 


What recent observations have helped 
to refine the dark-energy problem? 

The observations of ‘baryon acoustic oscilla- 
tions’ have been used to corroborate and 
refine the evidence for cosmic acceleration. 
These cosmic ripples made by primordial 
sound waves are imprinted on the CMB and 
on the distribution of galaxies. By measuring 
how the wavelength of the ripples varies with 
the distance from Earth, one can chart the 
history of the cosmic expansion. 


What experiments can help to 
determine the nature of dark energy? 
There is a decided absence of compelling 
theoretical explanations for the physics under- 
lying cosmic acceleration, so the approach 
to date has been to gather more of the same 
type of data in the hope that some clue will 
pop out. Apart from using supernovae and 
baryon acoustic oscillations, other meth- 
ods that measure the rate at which normal 
and dark matter cluster under the influence 
of gravitation in an accelerating Universe 
are also progressing. One promising tech- 
nique uses gravitational lensing in the ‘weak’ 
regime to set constraints on dark energy; in 
this regime, instead of the strong bending of 
light that results in highly distorted images 
in the form of elongated arcs, the images of 
distant sources are only weakly stretched and 
magnified by foreground matter (the ‘lenses’). 
Another technique uses X-ray emissions of hot 
gas in galaxy clusters to determine the depth of 
their gravitational potential wells. But despite 
the promise of these methods, it may be dif- 
ficult to determine the underlying physics 
of cosmic acceleration. On the other hand, 
this seems to be the only way to tackle such a 
challenging and fundamental problem. a 
Robert Caldwell is in the Department of Physics 
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Is there an association between NPY and neuroticism? 


Arising from: Z. Zhou et al. Nature 452, 997-1001 (2008) 


Psychiatric genetics has been hampered by the fact that initially exciting 
findings from underpowered studies are so often not replicated in 
larger, more powerful, data sets. Here we show that the claims of 
Zhou et al.' that neuropeptide Y (NPY) diplotype-predicted expression 
is correlated with trait anxiety (neuroticism) is not replicated in a data 
set consisting of phenotypically extreme individuals drawn from a 
large (n = 88,142) non-clinical population. We found no association 
between NPY diplotype or diplotype-predicted expression and neuro- 
ticism. Our reply to Zhou and colleagues forms part of a larger 
debate** (see, for example, http://www.nature.com/news/2008/ 
080709/full/454154a.html) about the efficacy and replicability of 
candidate driven versus genome wide approaches to psychiatric 
genetics. 

In their recent study, Zhou and colleagues' used a candidate gene 
driven approach to select NPY for investigation as a possible modulator 
of genetic susceptibility to anxiety and neuroticism. Zhou et al. 
concluded that “haplotype-driven NPY expression. . .inversely correlates 
with trait anxiety” and that their results “help to explain inter-individual 
variation in resiliency to stress, a risk factor for many diseases”. 

To test their claims we genotyped all seven single nucleotide poly- 
morphisms (SNPs) investigated by Zhou et al.’ in 582 singletons 
from the extreme 5% tails of the Eysenck Personality Questionnaire 
neuroticism score distribution from a non-clinical population of 
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Figure 1| Diplotype-predicted NPY expression and neuroticism. 

a, Regression of transformed age and sex-regressed N scores (mean = s.e.m.) 
and diplotype-predicted expression values in 507 subjects (from left to right: 
H1/H1, n = 151; H1/H3, n = 129; H3/H3, n = 16; H1/H2, n = 139; H2/H3, 
n = 33; and H2/H2, n = 39). b, Diplotype-predicted NPY mRNA expression 
levels (mean and s.e.m.) of high neuroticism scorers (n = 265) and low 
neuroticism scorers (mn = 242) compared with a two-tailed t-test (P = 0.06). 


88,142 individuals from the south-west of England’. This sample 
has close to 100% power to detect a genetic effect accounting for 
1.25% of phenotypic variance at an alpha level of 0.01. As Zhou et 
al. state that NPY explains between 3.3% and 3.4% of variance in trait 
anxiety’, we have close to 100% power to test their claims. 

Diplotypes were assigned to each sample using the five haplotype 
definitions outlined by Zhou and colleagues’. The three most common 
haplotypes (H1, H2 and H3) formed six common diplotypes that had 
each been assigned an expression profile on the basis of lymphoblast 
NPY messenger RNA levels: low (LL:H1/H1), intermediate (LH:H1/ 
H3, H3/H3 and H1/H2) and high (HH:H2/H3 and H2/H2). Subjects 
with minor diplotypes (1 = 75) were not included in further analyses. 
Figure 1a shows the distribution of neuroticism scores by diplotype- 
predicted mRNA expression levels. Neuroticism was compared among 
diplotype groups by analysis of variance (ANOVA) and regression 
analysis. The diplotype-predicted values of mRNA expression were 
taken from Zhou et al.' as predicted by a co-dominant model. 
One-way ANOVA on all samples demonstrated no effect of NPY 
diplotype on neuroticism phenotype (F(5) = 1.38; P= 0.14) nor of 
NPY-diplotype-predicted expression (F(2)=1.01; P= 0.36). 
Furthermore, NPY-diplotype-predicted expression was not correlated 
with transformed age and sex-regressed neuroticism scores (Fig. 1a). 
Furthermore, NPY diplotype-predicted mRNA levels did not differ 
significantly between subjects with high and low neuroticism scores 
(P = 0.06; Fig. 1b). 

If NPY diplotype does in fact exert an effect on neuroticism, then 
the main effect size must be smaller than 1.25% and probably smaller 
than 0.5% (power = 87.6%). This lack of replication highlights the 
problems inherent in candidate gene driven approaches to psychiatric 
genetics. 


METHODS 


Oligonucleotide primers specific for seven different SNP markers (1s3037354, 
1817149106, rs16147, rs16139, rs9785023, rs5574 and rs16475) were used to 
amplify the target NPY fragments by PCR. Sequencing was performed with 
Sequenom’s MassARRAY technology’. 

Statistical power was calculated by simulation methods and implemented in 
Perl’. We ran 1,000 simulations of effect sizes ranging from 2.0% to 0.1% and 
using either 0.05 or 0.01 alpha levels, and calculated the proportion of times that 
a significant result was obtained. 
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Zhou et al. reply 


Replying to: C. H. Cotton, J. Flint & T. G. Campbell Nature 458, doi:10.1038/natureO7927 (2009) 


The inability of Cotton et al.' to detect an effect of a functional 
haplotype (and locus) of neuropeptide Y (NPY), a stress regulatory 
neuropeptide, on neuroticism is interesting. Although it is important 
to measure effects of functional loci on complex behaviours, the 
strength of our study’, and primary basis of its conclusions, was the 
larger and convergent effects of NPY on intermediate phenotypes, 
including regional brain responses to emotional stimuli and pain, 
and brain NPY messenger RNA and plasma NPY levels. Eysenck 
Neuroticism is a trait that we did not directly investigate. We reported 
modest association of NPY with two Harm Avoidance subscales from 
the Tridimensional Personality Questionnaire. Association of NPY 
with the complex trait of anxiety, especially when measured 
differently, is not the first place we would look to validate our results. 

Concerning their advocacy of genome-wide approaches, if we follow 
the conclusions of their genome-wide association study with the same 
data set® then no loci contribute >1% of the variance in neuroticism. 
This is plausible, and could explain why they found no effect of NPY. 
However, Cotton etal.’ genotyped the extremes ofa large but relatively 
uncharacterized sample. Theoretically powerful, this approach may in 
practice be problematic. At the extremes of the distribution various 
confounds such as severe environmental stresses, rare functional alleles 
and measurement errors are more likely to be over-represented. Their 
study did not identify new functional loci for anxiety nor confirm 
functional loci for which there is independent evidence, as mentioned 
later. It is reasonable to request evidence that a tool works before using 
it to ‘weed the garden’. 

There is indeed debate as to how to proceed in gene discovery for 
behaviour. However, candidate gene and genome-wide approaches 
are not at war. The goal of genome-wide studies is to identify locations 
of functional polymorphisms. Studies using intermediate pheno- 
types, on which alleles exert larger effects than complex behaviours, 
may be better able to expand our understanding of mechanism. 
Consistent and convergent effects of several functional alleles on 
intermediate phenotypes have demonstrated the validity of this 
approach. Recent discoveries relating common alleles to behaviour 
have primarily relied on brain imaging tools. Examples include the 
serotonin-transporter-linked polymorphic region (5-HTTLPR) that 
has a weak effect on depression and anxiety—an association that was 
indeed obscured when only the extremes of the distribution were 
compared*—but strong effects on brain metabolic responses to 
emotional stimuli’ and the uncoupling of limbic feedback circuitry 
(accounting for 30% of the variance in anxious temperament*). Brain 
imaging studies have also shown that a functional missense variant 
(Val158Met) of COMT alters brain activity during cognition’, pain® 
and response to emotional stimuli (accounting for 38% of the 
variance in emotionality’), while having much more modest effects 
on complex behaviours, including anxiety. If allele effects on crudely 
measured behavioural phenotypes are undetectable in very large data 


sets, this may suggest that genome-wide genetic methods should be 
applied to data sets of more modest size, in which intermediate pheno- 
types have been measured that are more robust in detecting genetic 
influences on behaviour. 
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Is there an association between NPY and neuroticism? 


Arising from: Z. Zhou et al. Nature 452, 997-1001 (2008) 


Psychiatric genetics has been hampered by the fact that initially exciting 
findings from underpowered studies are so often not replicated in 
larger, more powerful, data sets. Here we show that the claims of 
Zhou et al.' that neuropeptide Y (NPY) diplotype-predicted expression 
is correlated with trait anxiety (neuroticism) is not replicated in a data 
set consisting of phenotypically extreme individuals drawn from a 
large (n = 88,142) non-clinical population. We found no association 
between NPY diplotype or diplotype-predicted expression and neuro- 
ticism. Our reply to Zhou and colleagues forms part of a larger 
debate** (see, for example, http://www.nature.com/news/2008/ 
080709/full/454154a.html) about the efficacy and replicability of 
candidate driven versus genome wide approaches to psychiatric 
genetics. 

In their recent study, Zhou and colleagues' used a candidate gene 
driven approach to select NPY for investigation as a possible modulator 
of genetic susceptibility to anxiety and neuroticism. Zhou et al. 
concluded that “haplotype-driven NPY expression. . .inversely correlates 
with trait anxiety” and that their results “help to explain inter-individual 
variation in resiliency to stress, a risk factor for many diseases”. 

To test their claims we genotyped all seven single nucleotide poly- 
morphisms (SNPs) investigated by Zhou et al.’ in 582 singletons 
from the extreme 5% tails of the Eysenck Personality Questionnaire 
neuroticism score distribution from a non-clinical population of 
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Figure 1| Diplotype-predicted NPY expression and neuroticism. 

a, Regression of transformed age and sex-regressed N scores (mean = s.e.m.) 
and diplotype-predicted expression values in 507 subjects (from left to right: 
H1/H1, n = 151; H1/H3, n = 129; H3/H3, n = 16; H1/H2, n = 139; H2/H3, 
n = 33; and H2/H2, n = 39). b, Diplotype-predicted NPY mRNA expression 
levels (mean and s.e.m.) of high neuroticism scorers (n = 265) and low 
neuroticism scorers (mn = 242) compared with a two-tailed t-test (P = 0.06). 


88,142 individuals from the south-west of England’. This sample 
has close to 100% power to detect a genetic effect accounting for 
1.25% of phenotypic variance at an alpha level of 0.01. As Zhou et 
al. state that NPY explains between 3.3% and 3.4% of variance in trait 
anxiety’, we have close to 100% power to test their claims. 

Diplotypes were assigned to each sample using the five haplotype 
definitions outlined by Zhou and colleagues’. The three most common 
haplotypes (H1, H2 and H3) formed six common diplotypes that had 
each been assigned an expression profile on the basis of lymphoblast 
NPY messenger RNA levels: low (LL:H1/H1), intermediate (LH:H1/ 
H3, H3/H3 and H1/H2) and high (HH:H2/H3 and H2/H2). Subjects 
with minor diplotypes (1 = 75) were not included in further analyses. 
Figure 1a shows the distribution of neuroticism scores by diplotype- 
predicted mRNA expression levels. Neuroticism was compared among 
diplotype groups by analysis of variance (ANOVA) and regression 
analysis. The diplotype-predicted values of mRNA expression were 
taken from Zhou et al.' as predicted by a co-dominant model. 
One-way ANOVA on all samples demonstrated no effect of NPY 
diplotype on neuroticism phenotype (F(5) = 1.38; P= 0.14) nor of 
NPY-diplotype-predicted expression (F(2)=1.01; P= 0.36). 
Furthermore, NPY-diplotype-predicted expression was not correlated 
with transformed age and sex-regressed neuroticism scores (Fig. 1a). 
Furthermore, NPY diplotype-predicted mRNA levels did not differ 
significantly between subjects with high and low neuroticism scores 
(P = 0.06; Fig. 1b). 

If NPY diplotype does in fact exert an effect on neuroticism, then 
the main effect size must be smaller than 1.25% and probably smaller 
than 0.5% (power = 87.6%). This lack of replication highlights the 
problems inherent in candidate gene driven approaches to psychiatric 
genetics. 


METHODS 


Oligonucleotide primers specific for seven different SNP markers (1s3037354, 
1817149106, rs16147, rs16139, rs9785023, rs5574 and rs16475) were used to 
amplify the target NPY fragments by PCR. Sequencing was performed with 
Sequenom’s MassARRAY technology’. 

Statistical power was calculated by simulation methods and implemented in 
Perl’. We ran 1,000 simulations of effect sizes ranging from 2.0% to 0.1% and 
using either 0.05 or 0.01 alpha levels, and calculated the proportion of times that 
a significant result was obtained. 
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Zhou et al. reply 


Replying to: C. H. Cotton, J. Flint & T. G. Campbell Nature 458, doi:10.1038/natureO7927 (2009) 


The inability of Cotton et al.' to detect an effect of a functional 
haplotype (and locus) of neuropeptide Y (NPY), a stress regulatory 
neuropeptide, on neuroticism is interesting. Although it is important 
to measure effects of functional loci on complex behaviours, the 
strength of our study’, and primary basis of its conclusions, was the 
larger and convergent effects of NPY on intermediate phenotypes, 
including regional brain responses to emotional stimuli and pain, 
and brain NPY messenger RNA and plasma NPY levels. Eysenck 
Neuroticism is a trait that we did not directly investigate. We reported 
modest association of NPY with two Harm Avoidance subscales from 
the Tridimensional Personality Questionnaire. Association of NPY 
with the complex trait of anxiety, especially when measured 
differently, is not the first place we would look to validate our results. 

Concerning their advocacy of genome-wide approaches, if we follow 
the conclusions of their genome-wide association study with the same 
data set® then no loci contribute >1% of the variance in neuroticism. 
This is plausible, and could explain why they found no effect of NPY. 
However, Cotton etal.’ genotyped the extremes ofa large but relatively 
uncharacterized sample. Theoretically powerful, this approach may in 
practice be problematic. At the extremes of the distribution various 
confounds such as severe environmental stresses, rare functional alleles 
and measurement errors are more likely to be over-represented. Their 
study did not identify new functional loci for anxiety nor confirm 
functional loci for which there is independent evidence, as mentioned 
later. It is reasonable to request evidence that a tool works before using 
it to ‘weed the garden’. 

There is indeed debate as to how to proceed in gene discovery for 
behaviour. However, candidate gene and genome-wide approaches 
are not at war. The goal of genome-wide studies is to identify locations 
of functional polymorphisms. Studies using intermediate pheno- 
types, on which alleles exert larger effects than complex behaviours, 
may be better able to expand our understanding of mechanism. 
Consistent and convergent effects of several functional alleles on 
intermediate phenotypes have demonstrated the validity of this 
approach. Recent discoveries relating common alleles to behaviour 
have primarily relied on brain imaging tools. Examples include the 
serotonin-transporter-linked polymorphic region (5-HTTLPR) that 
has a weak effect on depression and anxiety—an association that was 
indeed obscured when only the extremes of the distribution were 
compared*—but strong effects on brain metabolic responses to 
emotional stimuli’ and the uncoupling of limbic feedback circuitry 
(accounting for 30% of the variance in anxious temperament*). Brain 
imaging studies have also shown that a functional missense variant 
(Val158Met) of COMT alters brain activity during cognition’, pain® 
and response to emotional stimuli (accounting for 38% of the 
variance in emotionality’), while having much more modest effects 
on complex behaviours, including anxiety. If allele effects on crudely 
measured behavioural phenotypes are undetectable in very large data 


sets, this may suggest that genome-wide genetic methods should be 
applied to data sets of more modest size, in which intermediate pheno- 
types have been measured that are more robust in detecting genetic 
influences on behaviour. 
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Tyrosine dephosphorylation of H2AX 
modulates apoptosis and survival 


decisions 


Peter J. Cook'**, Bong Gun Ju’**, Francesca Telese', Xiangting Wang", Christopher K. Glass* 


& Michael G. Rosenfeld! 


Life and death fate decisions allow cells to avoid massive apoptotic death in response to genotoxic stress. Although the 
regulatory mechanisms and signalling pathways controlling DNA repair and apoptosis are well characterized, the precise 
molecular strategies that determine the ultimate choice of DNA repair and survival or apoptotic cell death remain 
incompletely understood. Here we report that a protein tyrosine phosphatase, EYA, is involved in promoting efficient DNA 
repair rather than apoptosis in response to genotoxic stress in mammalian embryonic kidney cells by executing a 
damage-signal-dependent dephosphorylation of an H2AX carboxy-terminal tyrosine phosphate (Y142). This 
post-translational modification determines the relative recruitment of either DNA repair or pro-apoptotic factors to the tail 
of serine phosphorylated histone H2AX (y-H2AX) and allows it to function as an active determinant of repair/survival versus 
apoptotic responses to DNA damage, revealing an additional phosphorylation-dependent mechanism that modulates 
survival/apoptotic decisions during mammalian organogenesis. 


The developmentally regulated transcriptional cofactor EYA is a 
component of the retinal determination pathway that controls the 
development of various organ systems in metazoans, including the 
kidney’ ®. The primary phenotypic consequence of loss of EYA activity 
is increased apoptotic cell death in early tissue primordium and sub- 
sequent agenesis of target tissues*°. Previous work by our laboratory 
and others identified a phosphatase enzymatic domain in mammalian 
EYA1-4 as well as the Drosophila homologue eyes absent (eya), and 
demonstrated that EYA is a functional phosphatase *. Although early 
in vitro phosphatase assays using synthetic phosphopeptides indicated 
that EYA might possess dual specificity, subsequent data have 
indicated that, in vivo, EYA primarily functions as a tyrosine phos- 
phatase’. Here, we demonstrate that increased apoptosis seen in the 
absence of EYA is at least in part due to persistent phosphorylation of 
H2AX Y142, a mark that is a component of the mechanisms that 
distinguish between apoptotic and repair responses to genotoxic 
stress. 


EYA-H2AxX interactions 


We noticed that increased apoptosis and loss of renal tubules seen in 
the developing kidney of Eyal”’~ mouse embryos coincided with 
increased immunostaining for serine-139-phosphorylated H2AX 
(y-H2AX) (Fig. la, b and Supplementary Fig. 1). Nuclear phosphor- 
ylation of the histone variant H2AX was recently shown to be a crucial 
component of apoptosis induced by the activation of the JNK/SAPK 
stress response pathway’, in addition to having a well studied role in 
DNA damage repair'’"*. Because the developing kidney is exposed to 
localized hypoxia during early development as the rapidly proliferating 
organ outgrows the local vasculature, potentially leading to activation 
of stress response pathways and increased generation of reactive 


oxygen species'*’®, we considered the possibility that apoptosis 


induced in the absence of EYA might be related to altered DNA- 
damage-response pathways. To mimic the events in the Eyal /~ 
kidney in a cell model, we depleted endogenous EYA1 or EYA3 in 
293T human embryonic kidney cells using specific short interfering 
RNAs (siRNAs; Supplementary Fig. 2) and then subjected the cells to 
hypoxic conditions for 20h. EYA1 and EYA3 have been previously 
qualified as phosphatase enzymes** and both are expressed in 293T 
cells. Notably, knockdown of either EYAI or EYA3 using specific 
siRNAs caused a significant increase in TdT-mediated dUTP nick 
end labelling (TUNEL)-positive apoptotic nuclei in response to 
hypoxia (Fig. 1c). Analogous experiments directly inducing DNA 
damage with ionizing radiation resulted in a similar increase in 
sensitivity for EYA-depleted cells (Supplementary Fig. 3). Thus, 
in embryonic kidney cells, both in vivo and in culture, an increase in 
apoptotic cell death is observed in the absence of EYA1 that may be 
related to the cellular response to DNA damage, which involves 
y-H2AX!»", 

We therefore investigated a potential interaction between EYA and 
H2AX by co-immunoprecipitation assays using 293T embryonic 
kidney cells before and after exposing the cells to ionizing radiation 
to induce DNA damage. We could detect interactions between H2AX 
and wild-type EYA1 or EYA3 only under DNA damage conditions 
both using transfected, tagged expression constructs for EYA1/EYA3 
and H2AX (Fig. 2a), and when examining endogenous EYA3 and 
H2AX proteins with specific antibodies (Fig. 2b). EYA was capable 
of interacting with H2AX in the context of chromatin, based on co- 
immunoprecipitation experiments using fixed sonicated chromatin 
from 293T cells as input (Fig. 2c). In response to ionizing-radiation- 
induced double-stranded DNA breaks, H2AX is phosphorylated by 
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Figure 1| Loss of EYA leads to increased y-H2AX-posititve apoptotic cells. 
a, TUNEL staining reveals apoptotic cells within the developing kidney of 
Eyal '~ embryos at embryonic day (E)11.5 not present in wild-type 
littermate mice. d.p.c., days post coitum. Original magnification, X20. 

b, Abnormal morphology and loss of developing renal tubules (white 
arrows) within the urogenital ridge (red dotted line) in Eyal ‘~ embryos 
coincides with increased y-H2AX-positive nuclei by immunostaining. H&E, 
haematoxylin and eosin. Original magnification, <5. ¢, In culture, 293T 


ATM/ATR phosphatidylinositol-3-OH kinase (PI(3)K)-family kinases 
on chromatin, forming long stretches of serine-phosphorylated 
y-H2AX flanking the break, visible as y-H2AX immunostained foci". 
Endogenous EYA3 co-immunoprecipitated y-H2AX in 293T cells after 
ionizing radiation treatment (Fig. 2b, lower panel), and immunostain- 
ing of transfected haemagglutinin (HA)-tagged EYA1 or EYA3 protein 
in 293T embryonic kidney cells revealed a clear co-localization of EYA 
with y-H2AX foci after treatment with ionizing radiation (Fig. 2d, e). 
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human embryonic kidney cells depleted for EYA1 and EYA3 using siRNA 
displayed increased apoptotic response to hypoxia for 20h (2% O,). Cell 
counts were performed on TUNEL-stained cells co-stained with 4,6- 
diamidino-2-phenylindole (DAPI) in triplicate to identify the proportion of 
TUNEL-positive nuclei. The basal level of apoptosis under these conditions 
was 1.4% TUNEL-positive/total nuclei. Bar graphs represent mean + s.e.m. 
of fold apoptotic cells normalized to control siRNA from triplicate samples. 
Asterisk indicates P < 0.05. Original magnification, < 10. 


These results suggest that in response to damage, EYA is recruited 
to H2AX foci that mark DNA double-strand breaks. To test this 
formally, we used the oestrogen receptor-I Ppol system'*”, in which 
4-hydroxytamoxifen (4-OHT) is used to induce activation of the 
eukaryotic homing endonuclease I-PpolI that then generates double- 
stranded breaks at defined genomic loci, including a site on chro- 
mosome | within an intron of the DAB locus. Chromatin immuno- 
precipitation analysis after 4-OHT induction of I-Ppol in 293T cells 
revealed that y-H2AX and EYA3 were present at a 6h time point at a 
4-kilobase (kb) region flanking the I-Ppol cut site, which is consistent 
with a direct role for EYA in the cellular response to genotoxic stress 
(Supplementary Fig. 4). 

Interestingly, we found that EYA3 is serine-phosphorylated in 293T 
cells in response to genotoxic stress (Fig. 3a), consistent with the recent 
identification of EYA3 as a potential substrate for the DNA-damage- 
response protein kinases ATM and ATR*™*. Inhibition of ATM/ATR 
function, by pre-treating cells with the PI(3)K inhibitor caffeine, 
blocked the interaction between EYA3 or EYA1 and H2AX in response 
to ionizing radiation (Fig. 3b). Serine 219 of EYA3 was identified by 
mass spectroscopy as a target residue for ATM/ATR phosphoryla- 
tion”, and a $219A EYA3 mutant failed to form damage-dependent 
nuclear foci or interact with H2AX after ionizing radiation treatment 
(Fig. 3c, d), indicating that ATM/ATR phosphorylation of EYA3 on 
serine 219 is crucial for directing EYA-H2AX interactions. Because 


Figure 2 | EYA interacts with H2AX in a DNA-damage-dependent manner. 
a, HA-tagged EYA1 or EYA3 interacts with Flag-tagged H2AX in 293T cells 
in response to ionizing radiation (IR; 5 Gy), but not under basal conditions. 
b, Co-immunoprecipitation experiments examining endogenous EYA3 
protein using a specific EYA3 antibody recapitulated that interaction data 
for the tagged proteins. c, Using sonicated chromatin as input, co- 
immunoprecipitation experiments showed that HA—EYA1/3 interacts with 
H2AX on chromatin. d, e, Immunostaining of 293T cells demonstrates that 
transfected, HA-tagged EYA1 (d) or EYA3 (e) localizes to DNA-damage- 
induced foci coincident with y-H2AX specifically after treatment with 
ionizing radiation (5 Gy, 1 h). Representative examples of foci formation are 
shown. Original magnification, X40. 
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Figure 3| EYA3 phosphorylation by ATM/ATR DNA-damage-dependent 
kinases regulates the interaction between EYA and H2AX. a, Endogenous 
EYA3 was immunoprecipitated from 293T cells with a specific EYA3 
antibody and western blotting was performed with an antibody specific to 
the phosphorylated target site of ATM/ATR, demonstrating 
phosphorylation of EYA3 in response to DNA damage (5 Gy IR). b, EYA1/3 
interaction with H2AX is lost in the presence of a PI(3)K inhibitor (5 mM 
caffeine). ¢c, Mutation of the ATM/ATR phosphorylation site of EYA3 (S219) 
prevents formation of damage-induced EYA3 foci. Representative examples 
of foci formation are shown. Original magnification, <40. d, HA-EYA3 
(S219A) fails to interact with Flag—H2AX in response to DNA damage (5 Gy 
IR) by co-immunoprecipitation in 293T cells. e, DNA-damage-independent 
interaction of EYA3 and EYA1 was assessed by co-immunoprecipitation in 
293T cells. 
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EYAI and EYA3 are seen to interact in 293T embryonic kidney cells 
both before and after treatment with ionizing radiation (Fig. 3e), we 
suspect that regulation of EYA3 via damage-dependent phosphoryla- 
tion at serine 219 is one cue that may direct both EYA1 and EYA3 to 
y-H2AX, indicating that these covalent modifications of H2AX and 
EYA may act as sensors for the DNA-damage-response pathway. 


H2AX is an EYA tyrosine phosphatase substrate 
We next tested whether the interaction between H2AX and EYA could 
represent a substrate-enzyme relationship. Because current evidence 
suggests that EYA is a tyrosine-specific phosphatase®*, we assessed its 
activity as a tyrosine phosphatase on y-H2AX. H2AX purified either 
from 293T cells or from bovine histone fraction possesses tyrosine 
phosphorylation as seen using a phosphotyrosine-specific antibody 
(Supplementary Fig. 5). This tyrosine phosphorylation mark on 
H2AX decreased in response to DNA damage induced by ionizing 
radiation, the topoisomerase I inhibitor CPT, or hypoxia (Fig. 4a). 
To determine whether this H2AX phosphorylation mark might be a 
target of EYA phosphatase activity, we used an in vitro phosphatase 
assay, mixing immunopurified HA-tagged EYA1 or EYA3 with H2AX 
protein. Wild-type EYA effectively removed the phosphotyrosine 
mark from H2AX, whereas the phosphatase-inactive mutant EYA 
proteins (EYAl D323A or EYA3 D246A) had little or no effect 
(Fig. 4b). 

To confirm this activity in a cellular context, 293T human embryonic 
kidney cells were transfected with siRNA against EYAI or EYA3 or 
control siRNA and subsequently exposed to ionizing radiation. In 


ARTICLES 


a IR (5 Gy) 


Anti-pTyr -_ = 
ant-H2ax i - ~ =o 


CPT (10 BM nvnowe 
= + 


2 
< 1.0 
. 2 
eS 08 
oe 
29 06 
BE *e *e 
ie a 0.4 a 
60.2 
Ceara - + - + 
b HA-EYA1 HA-EYA3 


@ x 
rs S 
FS & 
Anti-pTyr a Ses Anti-pTyr — 


ant-Hoax i a @ ant-o 


Anti-HA Anti-HA 
en) = ‘es oe 
1.4 
5 1.2 
= 1.0 iad 
ge 08 
BS 06 
£804 we Ae 
<= 
20.2 
ie) 
Input histones: + + + + + + 
WE- + - Eira cis ee 
Mut! - - + ee 
w 
vs gf & F 
Sf ee . ae. a a: 
c a SC wh i i 


Anti-pTyr | — or y) Anti-ply ——_—— 
eee? << —— 


30 
d WT - a zs = a f a @ CTpep pY 
Mut -  - 2 = @ 25 01 CTpep pS 
CtrlsiRNA - + - - - 8 20 
EYA3 siRNA — - + + + £45 
fe) 
Anti-pTyr — ee a 
5 
= 
At- = <a = _—_- -_ 
Mens 0 EYAS- _ EYA3- HO 
CT mCT 


Figure 4 | Tyrosine phosphorylated H2AX is a substrate for EYA 
phosphatase. a, Immunoprecipitation western blot (IP-western) of tyrosine 
phosphorylated H2AX in response to DNA damage signals. Bars represent 
quantified western blot signals normalized to untreated cells. b, In vitro 
phosphatase assay using immunopurified wild-type EYA1/3 or 
enzymatically inactive mutant proteins (EYA1 D323A, EYA3 D246A) and 
bovine histone. Bars represent quantified western blot signals normalized to 
input. Mean values + s.e.m. from triplicate western blot experiments are 
shown. Double asterisk indicates P < 0.001. ¢, siRNA knockdown of 
endogenous EYA1/3 in 293T cells (48h) and subsequent IP-western for 
tyrosine phosphorylated H2AX. No Tx indicates non-transfected cells. 

d, Rescue of EYA function by co-transfection of human siRNA and murine 
wild-type or enzymatically inactive mutant EYA3 constructs in 293T human 
embryonic kidney cells reveals loss of H2AX phosphotyrosine mark 
dependent on EYA phosphatase activity. e, Individual substitution 
mutations of four H2AX tyrosine residues followed by IP-western to detect 
phosphotyrosine. f, In vitro phosphatase assay using bacterially expressed 
EYA3 EYA domain, wild type or D246A, with purified peptides of the H2AX 
tail (amino acids 128-142) phosphorylated at $139 (CTpep pS) or Y142 
(CTpep pY) demonstrates that EYA phosphatase activity is specific for 
phosphotyrosine. The Michaelis constant (K,,) value for EYA 
dephosphorylation of CTpep pY was 0.38 mM with a corresponding Kcat/Km 
value of 0.96M ‘min '. Bar graphs represent mean + s.e.m. of nM PO, 
released from triplicate phosphatase reactions. 


contrast to untransfected cells or cells receiving control siRNA, which 
displayed a loss of y-H2AX tyrosine phosphorylation in response to 
damage as seen previously, EYA siRNA-treated cells showed signifi- 
cantly increased y-H2AX tyrosine phosphorylation levels as assessed 


593 


©2009 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


by western blot analysis (Fig. 4c). Knockdown of EYA1 or EYA3 had no 
effect on tyrosine phosphorylation of H2AX in 293T cells not exposed 
to ionizing radiation (Supplementary Fig. 6). Rescuing EYA function by 
expressing wild-type murine EYA3 (Fig. 4d) or EYA1 (Supplementary 
Fig. 7) constructs—not targeted by the siRNAs—into these siRNA- 
depleted cells reversed this increased H2AX phosphorylation, whereas 
a phosphatase-dead mutant EYA failed to rescue EYA function. The 
observation that depletion of either EYA1 or EYA3 alone proved to be 
sufficient to block H2AX tyrosine dephosphorylation fully in these cells 
suggested a lack of compensatory activity by these two homologues. 
Because EYA1 and EYA3 co-purify in 293T cells before and after 
damage (Fig. 3e), we are tempted to suggest that, specifically in the 
context of this embryonic kidney cell line model, EYA1 and EYA3 
may form a stable complex which exhibits tyrosine phosphatase activity 
towards y-H2AX, with both components required for the overall 
stability of the enzymatic complex, although these factors may be 
non-redundant in vivo. 

We next sought to identify precisely which tyrosine residue(s) on 
H2AX were phosphorylated. Mutagenesis of each of the four tyrosine 
residues in H2AX revealed that only mutation of tyrosine residue 142 
blocked H2AX tyrosine phosphorylation as assessed by western blot 
analysis (Fig. 4e), indicating that Y142 was the only phosphorylated 
tyrosine. 

To confirm the in vitro tyrosine phosphatase function of EYA** and 
demonstrate specificity for tyrosine-phosphorylated H2AX, rather 
than serine, we generated a bacterially expressed construct representing 
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the enzymatically active C-terminal EYA domain of EYA3 (ref. 6). This 
EYA enzyme showed robust phosphatase activity when mixed with a 
synthetic phosphopeptide representing the C-terminal tail domain of 
H2AX (CT-pep) phosphorylated on tyrosine, but showed minimal 
activity towards a serine-phosphorylated tail peptide (Fig. 4f). These 
data biochemically establish the ability of EYA to directly dephosphor- 
ylate H2AX phosphorylated on Y142. 


H2AX Y142 dephosphorylation: function in apoptosis 


To begin to evaluate a possible connection between EYA-mediated 
tyrosine dephosphorylation of H2AX Y142 and modulation of the 
apoptotic response, we examined the function of this phosphotyro- 
sine mark in the context of the DNA damage response. Flag-tagged 
H2AX Y142F mutant was phosphorylated on S139 in response to 
damage, although at levels significantly lower than Flag-tagged 
wild-type H2AX (Fig. 5a). Time course analysis of S139 phosphor- 
ylation of H2AX Y142F in response to 10 Gy ionizing radiation in 
293T human embryonic kidney cells revealed consistently reduced 
levels compared to wild type between 1 and 8h (Supplementary Fig. 
8). Thus, whereas Y142 phosphorylation does not function as a pre- 
requisite for $139 phosphorylation in DNA damage response”, it 
may have a significant role in promoting or maintaining serine phos- 
phorylation by DNA-damage-response kinases. 

It has been established that a key function of H2AX S139 phos- 
phorylation is to provide a docking site for DNA repair factors near 
or at DNA double-strand breaks'*. These factors include mediator of 
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Figure 5 | H2AX Y142 phosphorylation discriminates between apoptotic 
and repair responses to DNA damage. a, S139 phosphorylation of H2AX 
Y142F is present but reduced in comparison to wild-type H2AX after 5 Gy 
ionizing radiation. b, Affinity purification performed on nuclear extract 
from irradiated 293T cells using synthetic peptides representing the 
C-terminal tail of H2AX bearing $139 phosphorylation with or without 
Y142 phosphorylation followed by western blot analysis. ¢, d, Co- 
immunoprecipitation confirms the interaction between wild-type H2AX 
and JNK1 (c) or Fe65 (d), but not H2AX Y142F, in 293T cells exposed to 
high-dose ionizing radiation (50 Gy). e, Endogenous Fe65 interacts with 
JNK1 in 293T cells treated with etoposide (30 1M). Panels d and e show 
individual bands from a single western blot exposure. f, siRNA knockdown 
of Fe65 in 293T cells blocks the damage-dependent (50 Gy) interaction of 
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JNK1 and y-H2AX by co-immunoprecipitation in cells transfected with Fe65 
siRNA or control siRNA 48h before harvest. Results were confirmed with 
two separate siRNA sets for Fe65. g, H2ax '~ MEFs were transfected with 
wild-type or mutant H2AX (Y142F) expression constructs and exposed to 
high-dose ionizing radiation (100 Gy). Apoptotic response among 
transfectants was assessed by y-H2AX staining and TUNEL. Bar graphs 
represent mean + s.e.m. of fold apoptotic values for triplicate or greater cell 
counts of transfected (green) nuclei. The basal level of apoptosis for wild- 
type H2AX transfected cells under these conditions was 25.7% TUNEL 
positive/total transfected nuclei. Values were normalized to wild-type 
H2AX-transfected samples. Double asterisk, P< 0.001. Original 
magnification, X40. h, Proposed model for Y142 phosphorylation status of 
H2AX in regulation of apoptotic versus repair response. 
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DNA damage checkpoint protein 1 (MDC1), which has been shown 
to bind directly to phosphorylated S139 of H2AX at the sites of 
double-strand breaks™* based on tandem BRCT1 repeats within the 
C terminus of MDC] (ref. 25). MDC1 functions in the recruitment of 
a set of ancillary repair factors including MRE11, RAD50, NBS1 (the 
MRN complex), 53BP1 and BRCA1 (refs 26, 27), although these 
factors are not wholly dependent on MDC] and y-H2AX for recruit- 
ment to breaks**. Because an intact H2AX COOH-terminal tyrosine 
has been found to be required for MDC1—H2AX interaction and 
productive DNA repair”*, it was of particular interest to determine 
whether persistent phosphorylation of Y142 in the absence of EYA 
could have a negative impact on MDC1 recruitment to the tail of 
y-H2AX. We first generated peptides corresponding to the 
C-terminal tail of H2AX with phosphorylation of both $129 and 
Y142, or of $139 alone. Peptides lacking any phosphorylation marks 
or where tyrosine 142 was mutated to alanine failed to interact with 
MDCI1, consistent with previously published reports (Supple- 
mentary Fig. 9)**. Affinity purification of nuclear extract from irra- 
diated 293T cells with each peptide revealed that, in the absence of 
Y142 phosphorylation, a set of DNA repair factors including MDC1, 
MRE11 and Rad50 were bound to the $139 phosphorylated H2AX 
peptide (Fig. 5b). Intriguingly, when phosphorylated tyrosine 142 
was present with phosphoserine 139, binding of these factors was 
greatly reduced; instead, the established pro-apoptotic factor JNK1 
was now present (Fig. 5b). The stress-response kinase JNK1, activated 
by DNA damage and initiating a pro-apoptotic program, has been 
recently shown to translocate into the nucleus on activation where it 
phosphorylates substrates including H2AX $139, an event critical for 
DNA degradation mediated by caspase-activated DNase (CAD) in 
apoptotic cells’. In agreement with our peptide purification experi- 
ments, we were able to detect a robust interaction between trans- 
fected wild-type H2AX and endogenous JNK1 in 293T cells in 
response to high-dose radiation; this interaction was markedly 
reduced in the case of the H2AX Y142F mutant (Fig. 5c). 

To confirm further the specificity of these phosphorylation- 
dependent interactions we performed peptide competition assays. 
The H2AX tail peptide phosphorylated on $139 alone was able to 
compete effectively for binding of MDC1 in a peptide pull-down 
assay, whereas the free peptide bearing both $139 and Y142 phosphor- 
ylation marks competed away interaction with JNK1 (Supplementary 
Fig. 10). 

On the basis of our previous data that loss of EYA phosphatase results 
in increased tyrosine phosphorylation of H2AX, we predicted that 
depleting EYA in 293T cells would result in decreased binding of 
MDC1 to H2AX in response to DNA damage. We knocked down 
EYA3 using specific siRNA and subsequently tested for MDC1—H2AX 
interaction by co-immunoprecipitation. As predicted, loss of EYA3 
resulted in complete loss of this interaction in comparison to untrans- 
fected cells treated with 10Gy ionizing radiation (Supplementary 
Fig. 11). 

It was of particular interest to identify proteins containing SH2 and 
PTB phosphotyrosine-binding domains that could bind directly to 
H2AX phosphotyrosine 142 under conditions of genotoxic stress. 
We tested a set of known nuclear proteins containing these domains 
for binding to tyrosine-phosphorylated H2AX (Supplementary 
Table 1, partial list) and found that, whereas most exhibited no inter- 
action, the PTB-domain protein Fe65”, a cofactor for several cell- 
surface receptors that has been shown to translocate to the nucleus 
during DNA damage response and suggested to exert a pro-apoptotic 
role*®*', bound specifically to wild-type y-H2AX under DNA damage 
conditions, but not to the y-H2AX Y142F mutant (Fig. 5d). Notably, 
we found that Fe65 protein interacted with endogenous JNK1 by co- 
immunoprecipitation in 293T cells treated with the DNA-damage 
agent etoposide (Fig. 5e), consistent with the idea that Fe65 helps to 
mediate JNK1 recruitment to y-H2AX. Co-immunoprecipitation 
experiments demonstrated that the second PTB domain on Fe65 
may be crucial for the interaction between Fe65 and _ tyrosine 
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phosphorylated H2AX (Supplementary Fig. 12a). Glutathione 
S-transferase (GST) pull-down assays using purified recombinant 
protein of Fe65 PTB domains 1 and 2 also revealed a direct interaction 
between PTB2 and the H2AX present in purified HeLa histones 
(Supplementary Fig. 12b). We postulated that Fe65 may function as 
an adaptor protein, binding directly to the phosphotyrosine residue 
on y-H2AX via PTB2 and facilitating the recruitment of pro-apoptotic 
factors such as JNK1. To test this, we knocked down endogenous Fe65 
in 293T cells using specific siRNAs (Supplementary Fig. 2) and 
assessed the interaction between H2AX and JNK1 in response to 
genotoxic stress by co-immunoprecipitation. Whereas control 
siRNA had no effect on the ability of H2AX to co-immunoprecipitate 
JNK1, knockdown of Fe65 strongly inhibited this interaction (Fig. 5f). 

To confirm the function of tyrosine 142 phosphorylation in regu- 
lation of the apoptotic response, we transfected H2ax '~ mouse 
embryonic fibroblasts (MEFs)** with either wild-type or Y142F 
H2AX expression constructs. When these cells were subjected to 
high-dose ionizing radiation, cells expressing H2AX Y142F displayed 
a reduced apoptotic response in comparison to cells expressing wild- 
type H2AX (~6-fold decrease) (Fig. 5g). These data suggested to us 
that lack of H2AX Y142 phosphorylation promotes a damage repair 
response instead of an apoptotic response to DNA damage, in part by 
promoting successful recruitment of MDC] and associated repair 
factors. The presence of Y142 phosphorylation in wild-type H2AX 
transfected MEFs is proposed to lead to the recruitment of pro- 
apoptotic factors such as JNK1 to H2AX, while inhibiting the recruit- 
ment of the damage repair complex, directly promoting apoptotic 
response to genotoxic stress. 


Conclusions 


Cells are confronted with DNA damage resulting from a variety of 
stimuli under normal physiological conditions and at each instance 
the cell must make fundamental decisions concerning the ratio of 
DNA repair and apoptotic response. Our data suggest that y-H2AX is 
involved in the adjudication of the balance between these two out- 
comes, with a single post-translational modification, phosphoryla- 
tion of tyrosine 142, being capable of influencing the recruitment to 
y-H2AX of functional apoptotic or repair complexes. In the presence 
of Y142 phosphorylation, binding of repair factors to phosphorylated 
serine 139, which is mediated by MDC1, is inhibited (Fig. 5h), 
whereas recruitment of pro-apoptotic factors, including JNK1, is 
promoted. 

EYA binds to SIX-class homeodomain transcription factors. 
Although early in vitro studies suggested that phosphatase activity 
was important for EYA-mediated transcriptional activation of certain 
SIX-dependent reporter genes*, recent studies in Drosophila suggest 
that most Six/Eya transcriptional targets do not require phosphatase 
enzymatic activity for activation in vivo’’. Phosphatase activity of EYA 
may have a novel function in mammalian organogenesis, acting to 
block an improper apoptotic response to physiological levels of geno- 
toxic stress by dephosphorylating H2AX on tyrosine. 

Coincident with our studies, recently published work reported 
phosphorylation of H2AX on tyrosine 142 under basal conditions 
which decreases in response to DNA damage in MEFs™. The relevant 
kinase was demonstrated to be WSTF (Williams—Beuren syndrome 
transcription factor), which physically interacts with H2AX specifically 
in undamaged cells. The authors demonstrated that siRNA knock- 
down of WSTF results in loss of H2ZAX Y142 phosphorylation, which 
alters the kinetics of $139 phosphorylation in response to DNA 
damage. Thus, it seems that H2AX tyrosine phosphorylation is depos- 
ited by WSTF under basal conditions and, at least in the embryonic 
kidney cell model system, is removed by EYA in response to DNA 
damage. 

The present study indicates that the phosphorylation of tyrosine 
142 of H2AX prevents recruitment of repair complexes to phospho- 
serine 139 of y-H2AX, although it is likely that there are many addi- 
tional aspects that underlie the full molecular logic for the dual 


595 


©2009 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


phosphorylation-mediated events. We hypothesize that the presence 
of both phosphorylated residues results in direct binding of the PTB 
domain factor Fe65, which, at least in part, mediates the effective 
recruitment of other pro-apoptotic factors, including JNK1. 


METHODS SUMMARY 

Eyal knockout mice were originally generated by the laboratory of R. Maas. 293T 
and H2ax '~ MEF cells were maintained in DMEM (Gibco) supplemented with 
10% fetal calf serum (FCS; Gemini). Plasmids and siRNAs were transfected with 
Lipofectamine 2000 (Invitrogen) as directed. Specific antibodies for immuno- 
precipitation and immunostaining were obtained from Upstate (anti-y-H2AX), 
Zymed (anti-phosphotyrosine), Cell Signaling Technology (anti-H2AX, anti-y- 
H2AX), Abcam (anti-KSP-cadherin 16, anti-MDC1), Sigma (anti-Flag), and 
Santa Cruz Biotechnology (anti-RAD50, MRE11, JNK1). Purified peptides were 
obtained from Sigma Genosys, Abgent, and Anaspec. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Antibodies, reagents and cells. The following commercially available antibodies 
were used: anti-H2AX (Cell Signaling Technology and Abcam), anti-y-H2AX (Cell 
Signaling Technology and Upstate), anti-phosphotyrosine (Zymed and Upstate), 
anti-KSP-cadherin 16 (Abcam), anti-HA (Berkeley Antibody Company), anti-Flag 
(Sigma), anti-MDC1 (Abcam and Bethyl laboratories), anti-RAD50, MRE11, 
JNK] (Abcam and Santa Cruz Biotechnology). Antibodies to EYA3 were generated 
by immunizing guinea-pigs with GST-purified peptides representing the amino 
terminus of human EYA3 (amino acids 1-239). The following commercially 
available reagents were used: caffeine (Calbiochem). EYA1 and EYA3 siRNAs were 
purchased from Qiagen. H2ax ‘~ MEFs were provided by A. Nussenzweig, Y. Xu 
and H. Song. Standard molecular cloning and tissue culture were performed as 
described”. 

Animal care and immunohistochemistry. Eyal knockout mice were originally 
generated by the laboratory of R. Mass. Mouse embryos from E10.5 to E11.5 were 
fixed in 2% paraformaldehyde, penetrated with 24% sucrose in PBS, and embedded 
in OCT compound for cryo-sectioning. Serial 14-l1m sections were blocked in 10% 
normal goat serum/PBS/0.1% Triton X-100 and immunostained using antibodies 
to y-H2AX or KSP-cadherin 16. Immunostaining was visualized using secondary 
antibodies conjugated to Alexa-Fluor-595 (Invitrogen) and sections were mounted 
using Vectashield mounting media plus DAPI (Vector Laboratories). Parallel sec- 
tions were stained with haematoxylin and eosin as described*. 

TUNEL staining. TUNEL assay was performed using ApopTag In situ apoptosis 
detection kit (Chemicon). Tissue sections were post-fixed in ethanol:acetic acid 
2:1 at —20°C for 5 min and incubated with TdT enzyme at 37 °C for 1h. DIG 
incorporation was visualized using anti-digoxigenin-rhodamine secondary 
(Roche) and stained sections were mounted using Vectashield mounting media 
plus DAPI (Vector Laboratories). 

Cell treatment and transfection/RNA interference. For hypoxia experiments, 
293T cells were transferred to an 8% CO3, 2% O, incubator and maintained for 
approximately 20 h. Cells were immediately fixed or lysed on removal from the 
hypoxia incubator. Gamma-irradiation of cultured cells was performed at the 
UCSD Medical Teaching Facility according to established protocols. The cells 
were gamma-irradiated approximately 36-48 h after transfection. Cells were 
transfected using Lipofectamine 2000 (Invitrogen). siRNA target sequences were 
as follows: EYA1, CAGGAAATAATTCACTCACAA; EYA3, CCGGAAAGTGA 
GAGAAATCTA; Fe65, CTGTATTGATATCACTAATAA (Qiagen), CUACGUA 
GCUCGUGAUAAG, GGGUAGAUGUGAUUAAUGG, GAUCAAGUGUUUC 
GCCGUG, CGUCAGCUCUCUUACCACA (Dharmacon). 
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Immunoprecipitation/western blot analysis. For immunoprecipitation and 
western blotting, cells were rinsed in PBS, harvested and lysed in lysis buffer 
containing 10% glycerol, 0.5 mM EDTA, 25mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 1mM Na,VO;, 10mM f-glycerophosphate, 0.1% NP-40 and 1mM 
dithiothreitol in the presence of protease inhibitors (Roche) and 1 mM PMSF. 
The extracts were incubated with the specific antibody overnight at 4 °C, 
followed by incubation with protein A/G agarose beads (Santa Cruz Biotech), 
washed extensively, and separated by electrophoresis. Proteins were transferred 
onto nitrocellulose membranes (Bio-Rad) and western blotting was performed 
following standard protocols. 

Immunocytochemistry. Cells were fixed for 15 min with 2% paraformaldehyde 
in PBS and permeabilized with 0.05% Triton X-100 in PBS for 30 min. After 
blocking with PGBA solution (0.1% BSA, 0.1% gelatine, 0.1% FBS), cells were 
incubated with specific antibodies for 2h at room temperature. Antigen was 
detected with secondary antibodies conjugated to Alexa-Fluor-595 or Alexa- 
Fluor-488 (Invitrogen). Cells were coverslipped using Vectasheild mounting 
media plus DAPI (Vector Laboratories). 

In vitro phosphatase assay. The HA-tagged EYA phosphatase was immunopre- 
cipitated from gamma-irradiated 293T cells using anti-HA affinity resin (Roche). 
After extensive washing, EYA phosphatase was eluted with HA peptide. The reac- 
tion mixture containing purified EYA protein in 100 tl phosphatase buffer (50 mM. 
Tris-HCl, pH 7.0, 5mM MgCl, 10% glycerol, 3 mg ml _' BSA) and bovine histone 
(Sigma) was incubated for 60-90 min at 30°C. H2AX was immunoprecipitated 
with anti-H2AX antibody and western blotting was performed. GST fusion proteins 
of EYA3 240-573 and EYA3 D246A 240-573 were expressed in BL21 bacterial cells 
and purified with glutathione-agarose beads (Sigma). Wild-type and mutant GST 
proteins were incubated with 2 mg purified peptides of the H2AX tail bearing 
phosphorylation at either $139 or Y142 (Abgent) in phosphatase buffer for 1h 
and free phosphatase was detected using Malachite Green (BIOMOL). 

Peptide affinity chromatography. Biotinylated synthetic peptides (hH2AX amino 
acids 128-142) were purchased from Sigma Genosys, Anaspec and Abgent. For 
peptide affinity chromatography, biotinylated phosphopeptides and unphosphory- 
lated peptides were coupled to streptavidin-coated Dynabeads M-280 (Invitrogen) 
for 2h at room temperature. Beads were incubated with nuclear extract from 200- 
Gy-irradiated 293T cells and washed extensively with Tris buffered saline (pH 7.5) 
containing 0.5% Tween 20. The bound proteins were separated by SDS-PAGE using 
4-12% Bis-Tris NuPAGE gel (Invitrogen), followed by western blot analysis. 
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Structure of the connexin 26 gap junction 
channel at 3.5 A resolution 


Shoji Maeda’, So Nakagawa’, Michihiro Suga’, Eiki Yamashita’, Atsunori Oshima’, Yoshinori Fujiyoshi* 
& Tomitake Tsukihara’” 


Gap junctions consist of arrays of intercellular channels between adjacent cells that permit the exchange of ions and small 
molecules. Here we report the crystal structure of the gap junction channel formed by human connexin 26 (Cx26, also known 
as GJB2) at 3.5A resolution, and discuss structural determinants of solute transport through the channel. The density map 
showed the two membrane-spanning hemichannels and the arrangement of the four transmembrane helices of the six 

protomers forming each hemichannel. The hemichannels feature a positively charged cytoplasmic entrance, a funnel, a 

negatively charged transmembrane pathway, and an extracellular cavity. The pore is narrowed at the funnel, which is formed 
by the six amino-terminal helices lining the wall of the channel, which thus determines the molecular size restriction at the 
channel entrance. The structure of the Cx26 gap junction channel also has implications for the gating of the channel by the 


transjunctional voltage. 


Intercellular signalling is one of the most essential properties of multi- 
cellular organisms. Gap junctions are specialized membrane regions 
containing hundreds of intercellular communication channels that 
allow the passage of molecules such as ions, metabolites, nucleotides 
and small peptides’. A gap junction channel is formed by end-to-end 
docking of two hemichannels, also referred to as connexons, each 
composed of six connexin subunits*. Connexin is predicted to have 
four transmembrane helices and two extracellular loops, which are 
thought to contain a B-strand structure and are an essential structural 
basis for the docking of two connexons’. Gap junctions have crucial 
roles in many biological processes including development, differenti- 
ation, cell synchronization, neuronal activity and immune responses*”. 
Mutations in connexins thus cause several human diseases, including 
neurodegenerative diseases, skin diseases, deafness and developmental 
abnormalities”®. 

To date, more than 20 different connexins have been identified in 
the human genome, which have been categorized into «, B and y 
isoforms on the basis of their sequence homology. The connexin 
composition of gap junction channels defines their unique properties, 
such as their selectivity for small molecules, voltage-dependent gating, 
and response to Ca’*, pH and phosphorylation>”. 

Early electron microscopic analyses of gap junctions suggested that 
channel gating involves a rotation ofall six subunits*’, and analysis of 
two-dimensional crystals formed by carboxy-terminally truncated 
connexin 43 (Cx43, also known as GJA1) resulted in a model for 
the arrangement of the transmembrane helices and the fold of the 
connexin protomer’”"’. Recently, the electron crystallographic ana- 
lysis of the connexin 26 Met34Ala mutant (Cx26(M34A)) revealed 
large densities in the pore at the level of the two membranes, which 
were interpreted as plugs blocking the channel'’. The structure of 
Cx26(M34A) was thus assumed to show the channel in a closed state. 
The structure also suggested that physical blockage by a plug is an 
essential part of a gating mechanism and is consistent with the 
physiological studies showing that each connexon can regulate its 
activity autonomously’*'*. Electrophysiological studies have 
demonstrated that gap junctions have several gating mechanisms. 


At least two regulation mechanisms respond to the transjunctional 
voltage (Vj), V; gating (fast) and loop gating (slow)'®. Gap junctions 
can also be gated by the membrane voltage (V,,), termed V,, gating, 
and by chemical factors such as phosphorylation, pH and Ca’*, 
known as chemical gating”’. 

Here we present an atomic structure of the human Cx26 gap junction 
channel. We find that the four transmembrane helices of a protomer are 
arranged differently from the previously proposed pseudoatomic 
model’, and that several residues associated with non-syndromic 
hereditary deafness or skin diseases are involved in intra- or intermole- 
cular interactions. We describe in detail the interactions between the 
two extracellular regions of adjoining connexons. The N-terminal 
regions of the six subunits line the pore entrance and form a funnel, 
which restricts the diameter at the entrance of the pore to 14A. In 
conjunction with previous electron microscopy work’’, this finding 
suggests that conformational changes in the Cx26 N termini play an 
important part in channel gating, specifically in V, gating. 


Structure determination of the gap junction channel 

Structure determination at 3.5 A is briefly described in the Methods. 
The whole structure of each protomer—except for residues 110-124 
and 218-226 that correspond to most of the cytoplasmic loop and the 
carboxy-terminal segment, respectively—was successfully modelled in 
electron density maps. The amino acid assignment was confirmed by 
methionine sites and disulphide bonds sites (Supplementary Fig. 1). Of 
the 226 residues of Cx26, the atomic parameters of residues 2-109 and 
125-217 converged well during refinement. 

The overall structure of the Cx26 gap junction channel, which is 
formed by two connexons related to each other by a crystallographic 
two-fold symmetry axis, is similar in shape and size to that of the 
C-terminal truncated Cx43 gap junction channel visualized by electron 
crystallography”® (Fig. 1a). It is a tsuzumi shape, a traditional Japanese 
drum. The protomers in each hexameric connexon are related by a six- 
fold non-crystallographic symmetry (NCS) axis perpendicular to the 
membrane plane (Fig. 1b). The height of the modelled structure of the 
gap junction channel without disordered cytoplasmic loop and 


'Mnstitute for Protein Research, Osaka University, OLABB, 6-2-3, Furuedai, Suita, Osaka 565-0874, Japan. *Department of Biophysics, Graduate School of Science, Kyoto University, 
Oiwake, Kitashirakawa, Sakyo-ku, Kyoto 606-8502, Japan. *Picobiology Institute, Graduate School of Life Science, University of Hyogo, Kamigohori, Akoh, Hyogo 678-1297, Japan. 
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Figure 1| Overall structure of the Cx26 gap junction channel in ribbon 
representation. The corresponding protomers in the two hemichannels, 
which are related by a two-fold axis, are shown in the same colour. a, Side 
view of the Cx26 gap junction channel. b, Top view of the Cx26 gap junction 


C-terminal segment is approximately 155A. The transmembrane 
region and membrane surfaces were deduced from the distribution 
of hydrophobic and aromatic amino acid residues along the non- 
crystallographic six-fold axis (Fig. la and Supplementary Fig. 2). The 
transmembrane region of the channel is 38 A thick. TM2 extends about 
19 A from the membrane surface into the cytoplasm. The extracellular 
region of the connexon extends 23 A from the membrane surface and 
interdigitates to the opposite connexon by 6 A, resulting in the inter- 
cellular ‘gap’ of 40A. The extracellular lobes are not protruding so 
much, as indicated by the structural analyses of split gap junction 
channels with atomic force microscopy and electron microscopy'*”’. 
The relatively flat lobes could be attributed to the conformational 
change of the extracellular region induced by the docking of two con- 
nexons. The diameter of the connexon is biggest at the cytoplasmic side 
of the membrane, ~92 A, and smallest at the extracellular side, ~51 A. 
Viewed from the top, the channel looks like a ‘hexagonal nut’ with a 
pore in the centre (Fig. 1b). The diameter of the pore is about 40 Aat the 
cytoplasmic side of the channel, narrowing to 14 A near the extracellular 
membrane surface and then widening to 25 A in the extracellular space. 
No obvious obstructions are detectable throughout the solute pathway, 
although this does not exclude the possibility that the cytoplasmic 
domains not resolved in our map may be able to form a gate. 
Because the 3.5 A X-ray structure does not show any obstructions along 
the pore, our structure of wild-type Cx26 seems to be in an open 
conformation, which is consistent with the crystallization conditions 
used (neutral pH without aminosulphonate buffer or any divalent 
ions). 


Structure of the Cx26 protomer 


The protomer has four transmembrane segments (TM 1-4), two extra- 
cellular loops (El and E2), a cytoplasmic loop, an N-terminal helix 
(NTH), and a C-terminal segment (Fig. 2 and Supplementary Fig. 3). 
Cx26 forms a typical four-helix bundle in which any pair of adjacent 
helices is antiparallel. TM1 and TM2 face the interior, whereas TM3 
and TM4 face the hydrophobic membrane environment. There has 
been controversy about the identity of the major pore-lining helix, on 
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channel showing the arrangement of the transmembrane helices TM1 to 
TM4. The pore has an inner diameter of 35 A at the cytoplasmic entrance, 
and the smallest diameter of the pore is 14 A. 


the basis of accessibility studies of substituted cysteines and sequence 
analysis. One set of data favours TM3 as the major pore helix'’”° and 
the other favours TM1 (refs 21, 22). The helical arrangement of our 
structure is consistent with the latter model. The major pore-lining 
helix TM1 is inclined, so that the pore diameter narrows from the 
cytoplasmic to the extracellular side of the membrane, and ends in a 
short 3 helix (Fig. 2 and Supplementary Fig. 4). TM2 is kinked at 
Pro 87, the midpoint of the helix, and TM2 and TM3 protrude into the 
cytoplasm. The Pro87Leu mutation has been shown to cause an 
aberrant gating’. Furthermore, mutations of three residues to proline 
(Leu79Pro, Ser85Pro and Leu90Pro) in TM2 link to deafness™*. These 
mutations probably evoke a structural change in TM2, which would 
affect the cytoplasmic domains including the NTH. TM4 inclines from 
the molecular axis by about 30°, generating a larger diameter of the 
connexon on the intracellular side. 

The extracellular loop E1 contains a 3, helix at the beginning and a 
short o-helix in its C-terminal half (Fig. 2 and Supplementary Fig. 3). 
E2, together with El, contains a short antiparallel B-sheet and 
stretches over El, forming the outside wall of the connexon. Six 
conserved cysteine residues, three in each loop, form intramolecular 
disulphide bonds between El and E2 (ref. 3) (Figs 2, 3a and 
Supplementary Fig. 1). The N-terminal half of E2 seems rather flexible 
and its amino-acid sequence varies greatly among connexins 
(Supplementary Fig. 5). The C-terminal half of E2 begins with a 39 
turn and is followed by a conserved Pro-Cys-Pro motif that reverses its 
direction back to TM4. 

Most of the prominent intra-protomer interactions are in the extra- 
cellular part of the transmembrane region (Fig. 3a and Supplementary 
Fig. 6). Arg 32 (TM1) interacts with Gln 80 (TM2), Glu 147 (TM3), and 
Ser 199 (TM4). Two hydrophobic cores around Trp44(E1) and 
Trp 77(TM2) stabilize the protomer structure. Ala39(TM1), 
Ala40(TM1), Val43(E1) and Ile74(TM2) contribute to the first 
hydrophobic core around Trp44, and Phe154(TM3) and 
Met 195(TM4) form the second core with Trp77 (Supplementary 
Fig. 6). In the intracellular part of the transmembrane region, 
Arg 143(TM3) forms hydrogen bonds with Asn 206(TM3) and 
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Figure 2 | Stereo view of the Cx26 protomer in ribbon representation. 
Colour code: red, NTH; blue, TM1—-TM4; green, E1; yellow, E2; grey, 
disulphide bonds; dashed lines, cytoplasmic loop (CL) and C terminus (CT), 


Ser 139 (TM3) (Supplementary Fig. 6). The four-helix bundle is further 
stabilized by dipole-dipole interactions of the antiparallel helices”. 


Structural organization of the hexameric connexon 

The inter-protomer interactions in the hexameric connexon are 
mostly located in the extracellular half of transmembrane helices 
TM2 and TM4 and in the extracellular loops. Glu 47 (El), 
Gln 48 (E1), Asn62(E1), Asp66(E1), Tyr65(E1), Arg75(TM2) 
and the main-chain amide of Ser 72 (E1) from one protomer, and 
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which were not visible in the map. E1 and E2 are the loops connecting TM1 
and TM2, and TM3 and TM4, respectively. 


Asp46(E1), Asp50(E1), Arg184(E2) Thr186(TM4) and 
Glu 187 (TM4) from the adjacent protomer form the core of the 
inter-protomer interactions (Supplementary Fig. 7). Although 
TM3 is evolutionarily more variable than the other three helices, 
every third or fourth residue in TM3 is aromatic, generating an 
aromatic face that is conserved among connexins. Each helix in a 
protomer contributes to an aromatic cluster in the groove between 
two adjacent protomers (Supplementary Fig. 7). Most of the residues 
involved in intra- and inter-protomer interactions are conserved 


Figure 3 | Molecular architecture of the Cx26 gap junction channel. The Co 
trace is shown in ribbon or line representation and the side chains in the 
close-up views in the boxes are shown as sticks. Hydrogen bonds or salt 
bridges are shown as dotted lines. a, Disulphide bonds between two 


extracellular loops in the Cx26 protomer. b, Intercellular interactions. The 
protomers forming the gap junction channel are labelled A to F and A’ to F’ 
each in the same colour as in Fig. 2. The right top and bottom boxes show 
intercellular interactions in E1 and E2, respectively. 
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within the connexin family (Supplementary Fig. 5), and mutations of 
these residues are associated with deafness and skin diseases. The 
mutations probably interfere with the proper folding and/or oligo- 
merization of connexins, thus resulting in defective channels. 


Architectures of the intercellular junction and channel 


Our structure revealed the interactions between the two adjoining 
connexons of the gap junction channel, which involve both El and 
E2 (Fig. 3b). In El, Asn 54 forms hydrogen bonds with the main-chain 
amide of Leu 56 in the opposite protomer, and Gln 57 forms symmet- 
ric hydrogen bonds with the same residue of the diagonally opposite 
protomer. These residues are highly conserved among connexins 
(Supplementary Fig. 5). In E2, Lys 168, Asp 179 and the main-chain 
carbonyl groups of Thr 177 and Asn 176 form hydrogen bonds and 
salt bridges with the opposite protomer. Together with interactions 
between the protomers in the two hemichannels, these interactions 
create a tight double-layered wall bridging the extracellular gap, which 
connects the two adjoining hemichannels and separates the channel 
interior from the extracellular environment. 

The permeation pathway of a gap junction channel consists of an 
intracellular channel entrance, a pore funnel and an extracellular 
cavity. The intracellular channel entrance has a diameter of 40A 
and is formed by the intracellular parts of TM2 and TM3. Eleven 
positively charged residues, nine in TM2 and two in TM3, generate a 
positively charged environment at the channel entrance (Fig. 4a). The 
positive atmosphere around the intracellular channel entrance would 
be favourable for concentrating and increasing absolute permeability 
of negatively charged molecules”’. 

The funnel surface is lined by N-terminal residues Asp 2, Trp 3, 
Thr 5, Leu6 and Ile9 (Fig. 4b). Most «-connexins have a conserved 
Phe residue at the position of Thr 5 in Cx26, except for Cx43, which has 
an Ala residue (Supplementary Fig. 8). Because the funnel forms a 
constriction site at the cytoplasmic entrance of the pore, the size and 
electrical character of the side chains in this region should have a strong 
effect on both the molecular cutoff size and the charge selectivity of the 
channel. In line with this notion, it has previously been reported that 
the charges in the N-terminal region have a crucial involvement in 
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Figure 4 | Pore structure of the Cx26 gap junction channel. a, Vertical 
cross-section through the gap junction channel, showing the surface 
potential inside the channel. The channel features a wide cytoplasmic 
opening, which is restricted by the funnel structure, a negatively charged 
path and an extracellular cavity at the middle. Electrostatic surface potential 
of the Cx26 gap junction channel was calculated by the program APBS* as 
implemented in PyYMOL under dielectric constants of 2.0 and 80.0 for 
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determining the charge selectivity of the channel’’. Cx43 channels 
are known to have the widest functional pore, followed by B-connexins 
and then other «-connexins*®’’, which could be reasonably derived 
from the size of the side chain at the position 5. 

Twelve copies of the N-terminal half of El form the inner wall of the 
extracellular cavity of the pore, which has dimensions of 
25 X 25 x 30 A? (Fig. 4a, b). This finding is in agreement with a func- 
tional study that demonstrated that E1 lines the pore in the extracellular 
gap region”’. The pore-lining residues at the TM1/E1 boundary are 
Lys 41, Glu 42 and Gly 45. Lys 41 creates a narrowed part of the pore 
with the diameter of about 17 A and is unique to Cx26 (Supplementary 
Fig. 8), generating a more positively charged environment between the 
funnel and the following negatively charged part of the solute pathway. 
The TM1/E1 boundary has been suggested to be involved in voltage 
sensing, together with the N terminus’. Although there is no direct 
interaction between Lys 41 and the N terminus of Cx26 (the distance 
between Lys 41 and the bottom of the funnel is approximately 8 A), it is 
conceivable that Lys 41 and the Cx26-specific N terminus act together 
in sensing the voltage field. Asp46 and Asp50, highly conserved 
residues in the connexin family (Supplementary Fig. 8), face the pore 
interior and create a 9-A long, negatively charged path with a diameter 
of 20A, approximately at the height of the extracellular mem- 
brane surface (Fig. 4a). Along with the pore funnel, these two regions 
probably contribute to the size restriction and possibly to the charge 
selectivity, considering the pore diameter and the charge character. 


Pore funnel and the voltage-dependent gating mechanism 


The short NTHs of the six protomers form the funnel (Fig. 5), and their 
very high crystallographic temperature factors indicate that these are 
the most mobile domains in the structure (Supplementary Fig. 9a, b). 
This finding agrees with an NMR solution structure of an N-terminal 
peptide of Cx26, which showed that the loop connecting the NTH to 
TM1 is very flexible*’. Asp 2 forms hydrogen bonds with the main- 
chain amide of Thr 5 from the neighbouring protomer. The Asp 2 and 
Thr 5 residues on neighbouring NTHs at the bottom of the funnel 
form a circular girdle, as previously seen in the nicotinic acetylcholine 
receptor’, which stabilizes the funnel structure (Fig. 5). Trp 3 forms 


protein and solvent regions, respectively. The displayed potentials range 
from —40 (red) to 40 (blue) kTe '. b, Pore-lining residues in a Cx26 gap 
junction channel. Side view of Cx26 gap junction channel pore; the main 
chain is depicted as a thin ribbon and side chains facing the pore as balls and 
sticks. For fine viewing, two subunits in the foreground are omitted in the 
surface representation and two further subunits in the background are 
omitted in the model depiction. The colouring is the same as in Fig. 3b. 
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Figure 5 | Structure of the pore funnel. The six NTHs form a funnel 
structure, which is stabilized by a circular network of hydrogen bonds 
between Asp 2 and the main chain of Thr 5. The Cx26 protomers are shown 
in line and the NTHs in ribbon representation superposed on a surface 
representation. The close-up view shows the interaction between the indole 
ring of Trp 3 and the methyl group of Met 34 (TM1) in the adjacent 
protomer (hydrophobic interaction: orange broken line; hydrogen bond: red 
broken line). 


hydrophobic interactions with Met34(TM1) of the neighbouring 
protomer, which draws the NTH to the inner wall of the channel. 
This interaction maintains the funnel in the open state, with an inner 
diameter of 14A. One of the most frequent deafness mutations is 
Met34Thr, which decreases electrical current, but forms structures 
indistinguishable from wild-type gap junctions’. This mutation 
would indeed disrupt the interaction of the NTH with Trp 3, which 
would cause the funnel to detach from the inner wall of the pore, 
resulting in a narrower funnel. This concept is supported by recent 
electron microscopy studies that showed a prominent density in the 
centre of the pore in Cx26(Met34Ala)'?, which was decreased in the 
N-terminal deletion mutant Cx26(Met34Ala-del2—7)**. 

Cx26 channels are known to be closed by an inside positive poten- 
tial’*. This is opposite from the gating property of Cx32, which has 
Asn at position 2 and closes after an inside negative potential'*. A 
cytoplasmic movement of the N-terminal portion, where the voltage 
sensor is believed to reside, has been suggested to initiate voltage- 
dependent gating'*****. The recent electron microscopy structure of 
the Met34Ala mutant of Cx26 shows a plug that blocks the pore’, 
which may be due to the smaller side chain at position 34 causing the 
channel to adopt a closed conformation. Although this electron 
microscopy structure may not exactly represent a physiological 
closed state, it is conceivable that an inside positive V; would cause 
an inward movement of Asp 2, thus preventing the interactions 
between Asp 2—Trp 5 and Trp 3—Met 34, which could function as a 
trigger for gating in response to a change in Vj. The released NTHs 
could then assemble into a plug that physically blocks the pore. The 
NTHs would not be released by the opposite potential, because they 
would be kept in position by their interaction with Met 34 
(Supplementary Fig. 10). The release of any one of the six NTH would 
break down or destabilize the circular hydrogen bond network 
through the Asp 2-Thr 5 girdle, resulting in subconductance states 
of the channel. This would account for the report that the conforma- 
tional change of a single subunit is sufficient to initiate V; gating”, 
although it is unclear whether the other five N termini adopt the same 
conformation as the one in action. In this way, the heteromeric 
oligomerization in a connexon would enable bipolar V; gating”’, 
which allows the characteristic regulation of channel activity depend- 
ing on the connexin isoforms expressed in each tissue. 

The structure in this work could suggest a speculative Vj-gating 
model, in which the N termini have the chief role in sensing V; within 
the conductive pore and in forming the plug to close the pore. This 
model is not the case for other voltage-sensitive ion channels contain- 
ing the S4 helix as a voltage sensor’*, but is in accord with previous 
physiological studies'****°. However, we should consider an alternative 
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possibility, because connexins are thought to use several gating 
mechanisms*’”° and the previous electron microscopy structure was 
analysed in the condition that facilitates closure by chemical gating’’. 
The C terminus of Cx26 is thought to be too short to form the gating 
particle suggested for Cx43 (ref. 41), but it is still associated with the 
chemical regulation of channel activity’”. The structure in this work 
strongly suggests that the plug detected in the electron microscopy 
structure is composed of the assembly of Cx26 N termini. However, 
we do not rule out the possibility that the invisible cytoplasmic loop or 
the C terminus might contribute as a component. At present it is too 
premature to address the mechanism related to chemical gating from 
our structure. 

Further discussions on the roles of the N terminus, the cytoplasmic 
loop and the C terminus are given in Supplementary Discussion. 


METHODS SUMMARY 


Human Cx26 was expressed in Sf9 insect cells using recombinant baculovirus. The 
gap junction channel was solubilized in dodecylmaltoside and purified sequentially 
by cation exchange and size-exclusion chromatography. Crystals were grown by 
the hanging-drop vapour diffusion method with PEG200 as a precipitant. The 
structure was determined by the single-isomorphous replacement combined with 
anomalous scattering (SIRAS) method, with phase extension by six-fold non- 
crystallographic (NCS) averaging. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Expression and purification of Cx26. The human Cx26 complementary DNA 
was amplified from a human liver cDNA library (Human liver QUICK-Clone 
cDNA, Clontech) by PCR and inserted via BamH I/EcoR I restriction sites into a 
pBlueBac4.5 (Invitrogen) baculovirus transfer vector. Recombinant baculovirus 
was made using the Bac-N-Blue system (Invitrogen). Baculovirus-infected Sf9 
cells were grown at 27-28 °C and collected three days after infection. Purified 
Cx26 was obtained according to previously described and slightly modified 
methods“. In brief, collected cells were disrupted in alkali buffer containing 
20mM NaOH, 1mM EDTA, 1mM EGTA and 2mM dithiothreitol (DTT), 
followed by ultracentrifugation to isolate the purified gap junction membrane 
fraction. The membrane fraction was then solubilized with 1-1.5% n-dodecyl-B- 
p-maltoside (DDM) in 10mM CAPS (pH 10.5), 1M NaCl and 10mM DTT. 
The resulting supernatant was mixed with cation exchange resin, and Cx26 was 
eluted in 10 mM HEPES (pH 7.5), 0.01% DDM, 2 mM DTT and 500—1,000 mM 
NaCl. The protein was further purified by size-exclusion chromatography in 
10mM HEPES (pH7.5), 200mM NaCl, 2mM DTT, 0.01% n-undecyl-B-p- 
maltoside (UDM), concentrated to 30 mg ml !, and used for crystallization. 
To prepare seleno-methionine (SeMet)-labelled protein’, Sf9 cells were 
collected by centrifugation 24h after infection, washed with sterilized PBS and 
transferred into medium devoid of methionine and supplemented with 
20 mg1~' SeMet and 150 mg]! L-cysteine. After a 4-h incubation, the cells were 
collected by centrifugation and transferred into medium supplemented with 
50mgl~' SeMet and 150mg ' L-cysteine. The cells were collected after two 
days, and SeMet-labelled protein was purified using the same protocol as for 
native protein. 
Crystallization. Crystals were obtained by vapour diffusion (4°C) by mixing 
equal volumes of protein solution and reservoir solution containing 100 mM 
potassium phosphate (pH 7.5), 100 mM KCl, 10mM DTT, 0.5mM EGTA and 
16-18% PEG200. Crystals were dehydrated by gradually adding triethyleneglycol 
toa final concentration of 25-30% and flash frozen in liquid nitrogen. The TagBr,4 
derivative was prepared by soaking the crystals in 1 mM Ta,Br4 overnight. 
X-ray data collection. Data sets were collected on BL44XU at SPring-8 with a 
DIP6040 imaging-plate detector (Bruker AXS). Two non-isomorphous native 
data sets, Native I and Native II, were collected at 3.5 A and 4.0 A, respectively. 
Isomorphous derivative crystals were generated for each native crystal 
(Derivative I, and Derivative II). Three data sets of tantalum derivative crystals 
were acquired by tuning X-rays at 0.9000A (remote), 1.2526 A (peak), and 
1.2552 A (edge) (Derivative III). Diffraction data for the crystals, Native I, 
Native II and Derivative II were acquired with X-rays of 0.9000 A, and that of 
Derivative I were acquired with X-rays of 1.2526 A. Diffraction data of SeMet 
derivative crystals were collected with X-rays of 0.9000 A (remote) and 0.9790 A 
(edge). Another diffraction data set was acquired on the X06SA beamline at the 
Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland, using 1.7000 A 
X-rays to detect anomalous dispersion effects of sulphur atoms in the native 
crystal using a Pilatus 6M detector. All X-ray experiments were performed at 
100K. The SPring-8 diffraction data were processed and scaled with the Denzo, 
Scalepack** and CCP4 programs”. The SLS data were processed and scaled with 
the XDS and XSCALE programs”. The native crystals belonged to the space 
group C2 with cell dimensions of a= 167.6 A, b=111.2 A, c= 155.4A and 
B= 114.0. Experimental conditions and statistics of intensity data acquisition 
are given in Supplementary Table 1. 
Structure determination. Rotation function calculation of native crystals 
performed by POLARRFM” indicated a six-fold axis perpendicular to the crystal- 
lographic two-fold axis. The sites of the TagBr,, clusters were determined in the 
difference Patterson map calculated with Native I data and Derivative III (remote) 
data at 6 A resolution. Derivative III (peak) data were included in the phase deter- 
mination, and anomalous dispersion effects of the heavy atoms were taken into 
account for the phase estimation. Assuming the tantalum cluster to bea single atom, 
the positional parameters and B-factor of the tantalum cluster were refined with the 
program SHARP”. Because of its large size, the tantalum cluster was effective for 
phase determination to no more than 6 A resolution. The phases were refined and 
extended to 3.5 A resolution by NCS averaging and solvent flattening using the 
program DM”. The preliminarily refined phase set was used to calculate a difference 
Fourier map of the SeMet derivative with coefficients of [F,(remote) — F, (edge)] 
X exp(ia,), in which «, is the preliminarily refined phase. The SeMet sites were 
determined in the difference Fourier map. Of 42 methionine sites in the protein 
molecule, 36 were identified by selenium peaks higher than 40 in the electron 
density distribution in the anomalous difference Fourier map. Thirty sites were 
used for phase calculations, whereas the other six sites were used to monitor the 
phase improvement steps. 

Two native crystals, a tantalum derivative crystal, and a SeMet replacement 
crystal were used for the phase refinement by the multi-crystal averaging. Initial 
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phases of each data set for the phase refinement were determined at 6Aor7A 
resolution. Those of the Native I crystal were determined by the SIRAS method 
using the Derivative I data at 6A resolution. Those of the Native II crystal 
equilibrated with 25% triethyleneglycol were determined by the single iso- 
morphous replacement (SIR) method using the Derivative II data at 7 A reso- 
lution. Those of the tantalum derivative crystal were determined by the 
Multiplewave anomalous dispersion (MAD) method using the Derivative III 
remote, peak, and edge data at 6 A resolution. Those of the SeMet replacement 
crystal were determined by a method equivalent to the SIR method using the 
SeMet edge and remote data at 6 A resolution. 

The phase refinement was performed by multi-crystal averaging and six-fold 
NCS averaging combined with solvent flattening with the program 
DMMULTI"". The refinement procedure was monitored by R and C factors as 
a measure of consistency between observed and calculated structure factors, F, 
and F, in which R=X|F,-Fi/ =X |BRl, C=xX (R-<E>) 
(Fo- <Fe>)/2[(by - <B>) (R-<Fe>)J'%, and<F,>and<F.> 
are the averaged values of F, and F- in each resolution range. The phases were 
extended to 3.5A resolution, and the refinement converged well, with R = 0.262 
and C= 0.891. An electron density map was calculated with the observed struc- 
ture factors of Native I and the refined phases. The electron density map is called 
SIRAS/DM map in this paper. 

Model building was performed using the programs O* and coot”’, and struc- 
tural refinement was carried out under a tight restraint of non-crystallographic 
six-fold symmetry with the programs Crystallographic and NMR System (CNS)** 
and REFMAC™. The backbone of the protein was successfully traced in the SIRAS/ 
DM map and in the composite omit map, in which aromatic residues are seen as 
bulky electron density (Supplementary Fig. 11a, b). To determine SeMet sites, a 
difference Fourier map was calculated at 6A resolution with coefficients of 
[F,(remote) — F,(edge)]exp(ix), in which F,(remote) and F,(edge) are the 
observed structure factors of the SeMet derivative measured by X-rays of 
0.9000 A and 0.9790 A, and « is the phase of the Native I crystal determined by 
the SIR method with Ta derivative I combined with NCS averaging. The electron 
density of the Se atom at the N terminus was not detected in the difference map, 
probably due to disordered structure. To confirm the locations of the three 
disulphide bonds, which are close to each other, a native anomalous difference 
Fourier map was calculated at 4A resolution with the native F, data acquired at 
the SLS and the phases calculated from a structural model refined by replacing 
their cysteine residues with alanine residues. 

Crystallographic R and Rgece for 5% of the reflections excluded from the 
refinement were calculated to monitor the structural refinement procedures. 
The close values of the final Rand Ry,.¢ were caused by the six-fold NCS restraints 
applied in the refinement”. The results of the structural analysis are summarized 
in Supplementary Table 1. The final R and R;,.. values were 33.7% and 35.1%, 
respectively. The main-chain dihedral angles for 84.0% of the non-glycine resi- 
dues were in the most favoured region of the Ramachandran plot, 15.5% were in 
the allowed region, 0.5% were in the generously allowed region, and no residues 
were in the disallowed region. The refined structure was validated using the 
program PROCHECK™. All molecular graphics were created with Pymol’*. 


44. Stauffer, K. A., Kumar, N. M., Gilula, N. B. & Unwin, N. Isolation and purification of 

gap junction channels. J. Cell Biol. 115, 141-150 (1991). 

45. Bellizzi, J.J. Ill, Widom, J., Kemp, C. W. & Clardy, J. Producing selenomethionine- 

labeled proteins with a baculovirus expression vector system. Structure 7, 

R263-R267 (1999). 

46. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in 

oscillation mode. Methods Enzymol. 276, 307-326 (1997). 

47. Collaborative Computational Project 4. The CCP4 suite: Programs for Protein 

Crystallography. Acta Crystallogr. D 50, 760-763 (1994). 

48. Kabsch, W. Automatic processing of rotation diffraction data from crystals of 

initially unknown symmetry and cell constants. J. Appl. Cryst. 26, 795-800 

(1993). 

49. Bricogne, G., Vonrhein, C., Flensburg, C., Schiltz, M. & Paciorek, W. Generation, 
representation and flow of phase information in structure determination: recent 
developments in and around SHARP 2.0. Acta Crystallogr. D 59, 2023-2030 
(2003). 

50. Cowtan, K. An automated procedure for phase improvement by density 
modification. Joint CCP4 ESF-EACBM Newsletter Protein Crystallogr. 31, 34-38 
(1994). 

51. Cowtan, K. D. & Zhang, K. Y. Density modification for macromolecular phase 
improvement. Prog. Biophys. Mol. Biol. 72, 245-270 (1999). 

52. Jones, T. A., Zou, J. Y. & Cowan, S. W. Improved methods for building protein 
models in electron density maps and the location of errors in these models. Acta 
Crystallogr. A 47, 110-119 (1991). 

53. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta 
Crystallogr. D 60, 2126-2132 (2004). 

54. Brunger, A. T. et al. Crystallography and NMR system: A new software suite for 

macromolecular structure determination. Acta Crystallogr. D 54, 905-921 (1998). 


©2009 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature07869 nature 


55. Murshudov, G.N., Vagin, A. A. & Dadson, E. J. Refinement of macromolecular struc- 57. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M. PROCHECK: a 


tures by the maximum-likelihood method. Acta Crystallogr. D 53, 240-255 (1997). program to check the stereochemical quality of protein structures. J. Appl. Cryst. 
56. Dodson, E., Kleywegt, G. J. & Wilson, K. Report of a workshop on the use of 26, 283-291 (1993). 

statistical validators in protein X-ray crystallography. Acta. Crystallogr. D 52, 58. Delano, W. L. The PyMOL Molecular Graphics System. v.0.99 (Delano Scientific, 

228-234 (1996). 2006). 


©2009 Macmillan Publishers Limited. All rights reserved 


Vol 458|2 April 2009|doi:10.1038/natureO7865 


nature 


LETTERS 


Early assembly of the most massive galaxies 


Chris A. Collins’, John P. Stott’, Matt Hilton’**, Scott T. Kay’, S. Adam Stanford”®, Michael Davidson’, 
Mark Hosmer®, Ben Hoyle’, Andrew Liddle®, Ed Lloyd-Davies®, Robert G. Mann’, Nicola Mehrtens®, 
Christopher J. Miller’®, Robert C. Nichol’, A. Kathy Romer®, Martin Sahlén®, Pedro T. P. Viana''’!? & Michael J. West!? 


The current consensus is that galaxies begin as small density fluc- 
tuations in the early Universe and grow by in situ star formation 
and hierarchical merging". Stars begin to form relatively quickly in 
sub-galactic-sized building blocks called haloes which are subse- 
quently assembled into galaxies. However, exactly when this 
assembly takes place is a matter of some debate’. Here we report 
that the stellar masses of brightest cluster galaxies, which are the 
most luminous objects emitting stellar light, some 9 billion years 
ago are not significantly different from their stellar masses today. 
Brightest cluster galaxies are almost fully assembled 4—5 billion 
years after the Big Bang, having grown to more than 90 per cent of 
their final stellar mass by this time. Our data conflict with the most 
recent galaxy formation models*” based on the largest simulations 
of dark-matter halo development’. These models predict pro- 
tracted formation of brightest cluster galaxies over a Hubble time, 
with only 22 per cent of the stellar mass assembled at the epoch 
probed by our sample. Our findings suggest a new picture in which 
brightest cluster galaxies experience an early period of rapid 
growth rather than prolonged hierarchical assembly. 

Brightest cluster galaxies (BCGs) are located at the centres of 
galaxy clusters. They constitute a separate population from bright 
elliptical galaxies®*, and both their homogeneity and extreme 
luminosity have motivated their use as standard candles for 
cosmology’ ’. Our investigation focuses on BCGs in the most distant 
X-ray-emitting galaxy clusters at redshifts of z= 1.2-1.5, where 1 + z 
is the expansion factor of the Universe relative to the present. It has 
been shown that X-ray cluster selection is currently the optimum 
strategy for an unbiased investigation of BCG evolution”. 


Table 1| The properties of the host clusters and their BCGs 


Properties of our BCGs and their host clusters are listed in Table 1. 
All five clusters were discovered serendipitously, and are the most 
distant clusters discovered in their respective X-ray surveys'*'°. The 
cluster J2215 was discovered as part of the XMM Cluster Survey 
(XCS'*'”) and has the highest redshift of any spectroscopically 
confirmed cluster’*"*. 

The stellar mass of a BCG depends upon the hierarchical build-up 
of its host dark-matter halo and its stellar evolution history, along 
with the baryonic physics of the galaxy. We base our study of BCGs 
on photometry in the infrared wavebands J (1.26um) and 
K, (2.14 um). Infrared imaging is essential at these large distances 
to compensate for the redshifting of the early-type galaxy spectra. 
Also, these wavebands are less sensitive than optical light to the 
presence of young stars and are a more accurate tracer of the under- 
lying old stellar population and, hence, of the stellar mass of the 
systems. Figure 1 shows an infrared image of the cluster J2235 from 
our sample (see also Supplementary Fig. 1). 

We start by examining the ages of the stars themselves in these 
galaxies using the run of J-K, colour evolution with redshift as shown 
in Fig. 2. For BCGs at the redshift of our sample the J—K, colour 
predictions for the models separate clearly. For the comparison sample 
at lower redshift we use X-ray-selected clusters’? which are well 
matched in mass to our own cluster sample. There is a remarkable 
agreement between the data and the hybrid model (see Fig. 2 legend), 
with all five BCGs lying within 0.05 magnitudes of their predicted 
colour, indicating a consistent epoch of formation for the majority 
of the constituent stars in all systems between redshifts z = 3-5, some 
2-3 billion years (Gyr) after the Big Bang. 


Cluster name Redshift X-ray luminosity Cluster mass BCG K, (total) J-Ks Stellar mass 
(10% ergs“) (10@Mo) (10M) 
XLSS JO22303.0—-043622 (J0223) 122 11584 10+0A4 17.72 £0.01 1.82 + 0.01 0.61 + 0.08 
XMMU J2235.3—2557 (J2235) 1.39 1 Ares 3.1+0.7 17.34 + 0.01 1.87 + 0.02 1.26 + 0.14 
XMMXCS J2215.9—1738 (J2215) 1.46 4.4708 18+0.4 18.72 + 0.01 1.83 + 0.02 0.39 + 0.05 
RX J0848.9+4452 (J0849) 1.26 33702 18+0.4 17.00 + 0.02 1.86 + 0.03 1.30+0.15 
RDCS J1252.9—2927 (1252) 1.24 6.6t11 2.6 + 0.6 17.36 + 0.03 1.83 + 0.01 0.89 + 0.1 


The cluster X-ray luminosities are bolometric estimates taken from the literature and the cluster masses are M9 values (Supplementary Information). The errors on the cluster masses are based on 
the X-ray luminosity errors and the intrinsic uncertainty in the scaling relations. The J and K, observations of JO223, J2235 and J2215 (Supplementary Fig. 1) were taken with the 8.2-m Subaru 
telescope and reach 5o (s.d.) limiting magnitudes of J~23.7 and K,;~22.8 (23.1 in the case of JO223). The photometry for our data was calibrated using standard stars taken on the night in the Vega 


system. For comparison with previous observations we find that our JO223 BCG total K,-band magnitude (K, = 17.72 + 0.01) is in excellent agreement with the literature total magnitude 
(K, = 17.76 + 0.04, assuming a K.-band conversion from AB to Vega system of —1.86). The photometry for J1252 and JO849 was sourced from the literature 


11 


4.21 and for these galaxies the total K, 


magnitudes and J-K, colours were measured in similar aperture sizes. All data have been analysed in an identical manner for direct comparison (see Supplementary Information). The errors on the 
stellar masses include all photometric errors and the uncertainty in the calibration with the semi-analytic model’. All errors are 1o (s.d.). For each cluster we identified the brightest galaxy from the K.- 
band magnitudes of all galaxies within 500 kpc of the cluster X-ray centroid because for approximately 95% of clusters the BCG lies within this radius”®. All identified BCGs have optical spectra 


confirming their cluster membership™'3-'9"8, 
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Figure 1| Infrared image of the cluster J2235. An infrared image of the 
cluster J2235 at a redshift z = 1.39. Data were taken using the 8.2-m Subaru 
telescope. The image is combined from separate J and K, exposures and 
shows the 1.5’ X 1.5’ region surrounding the cluster centre. At this redshift 
1.5’ corresponds approximately to 0.75 Mpc. The green overlaid contours 
show the X-ray emission taken from the XMM-Newton XCS pipeline, 
smoothed with a Gaussian kernel. The X-ray peak coincides with the cluster 
centre and the position of the BCG. For a full description of the observations 
and data reduction see Supplementary Information. 


Turning our attention to the mass assembly of BCGs implied by our 
data, in Fig. 3 (see also Supplementary Table 1 and Supplementary 
Fig. 2) we show the estimates of stellar mass for our distant BCGs 
normalized to the average mass of the comparison sample at z= 0.04, 
which is 8.99 (+0.82) x 101! Mo (s.e.m.), where Mg denotes the 
solar mass. Using a Tukey’s biweight location estimator for robust- 
ness, for our five objects located at z= 1.22—1.46 we find an average 
stellar mass of 8.86(+1.73) X 10''Mo (s.e.m.). The ratio of these 
estimates is 0.99 + 0.21 (s.e.m.), indicating that on average the masses 
of the high-redshift BCGs are consistent with local counterparts. 

To compare with theory we use the haloes from the Millennium 
Simulation! (http://www.mpa-garching.mpg.de/millennium) matched 
to the total mass of our clusters, estimated from their X-ray luminosity 
(see Supplementary Information). The mass range of our five clusters 
(Table 1) has excellent overlap with the combined z= 1.08 and z= 1.5 
halo samples* (Supplementary Fig. 3). The predicted hierarchical mass 
build-up of BCGs in these 250 haloes is also shown in Fig. 3. The 
corresponding mass of the simulated BCGs has grown to an average 
of only 1.92 (£0.38) x 10'"Mo (s.d.) by this time, some 22% of the 
observed value. The data are inconsistent with the prediction at the level 
of 40 (one-tailed P = 0.008, degrees of freedom d.f. = 4; based on a 
Student’s t distribution appropriate for small samples). 

To check the stability of the BCG assembly predictions we selected 
massive haloes from the independent Durham semi-analytic model’, 
which also uses the Millennium Simulation’ but incorporates a different 
treatment of the baryon physics close to active galactic nuclei, partly to 
reproduce better the abundance of massive elliptical galaxies at high 
redshift. Using the same selection limits we find that the BCG mass 
fractions compared to the present day are 0.22+$'§ at z=1 and 
0.17767 at z=1.5, indicating good agreement between the two 
semi-analytical models. 

It is well known that the estimates of stellar mass from photometry 
even for early-type galaxies such as BCGs depend on the underlying 
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Figure 2 | The stellar evolution of BCGs with redshift. The J—K, colour 
evolution for our five high-redshift BCGs (red) and 72 BCGs from the 
comparison sample”? (black) which have host cluster masses in the same 
range as our high-redshift clusters and have available J and K, photometry. 
The errors (s.d.) reported for the comparison sample”’ and our data are 
~0.1 mag and ~0.02 mag respectively and are shown in the figure. This plot 
includes simple stellar population models” incorporating: no stellar 
evolution (solid line); passive evolution with formation epoch z= 5 (dashed 
line); passive evolution with formation epoch z; = 2 (dotted line); a hybrid 
model with an exponentially decaying star-formation rate in which 50% of 
the BCG stellar content is formed by z; = 5 and 80% by z= 3 (dot-dashed 
line), which is appropriate to the star-formation history predicted by the 
semi-analytic model*. The z;= 2 and z_= 5 stellar models are calculated 
assuming solar metallicity and a Salpeter initial mass function (IMF)”’, while 
the hybrid model was calculated with a Chabrier IMF’. The implied epoch of 
formation zp = 3-5 (2-3 Gyr after the Big Bang) agrees well with other 
estimates of stellar ages determined for BCGs and early-type galaxies in 
clusters (see Supplementary Information). Throughout our analysis we 
assume a concordance cosmology of Q,, = 0.3, Qa = 0.7; and 
Ho =70kms"' Mpc, where Q, is the energy density associated with a 
cosmological constant. See the Supplementary Information for details of 
data reduction. 


stellar evolution model used. To investigate this sensitivity we have 
applied three independent stellar population synthesis codes to early- 
type galaxies at the mean redshift of our sample (z= 1.3) using a 
range of model parameters (see Supplementary Table 1). These 
results show that the K, band stellar mass estimates remain signifi- 
cantly different from the semi-analytic predictions (one-tailed 
P=0.02, df.=4) for the vast majority of parameters considered 
across the three models, reaching a value for one-tailed P of =0.05 
in one of the three only if the stellar formation epoch Zris less than 2.5 
together with a stellar metallicity less than the solar value. This 
situation is incompatible with observations of BCGs and massive 
early-type galaxies in general (see Supplementary Information). We 
conclude that there remains a significant discrepancy between 
the recent semi-analytic models of galaxy formation coupled to the 
largest N-body simulations and the stellar masses of BCGs at the 
centres of the most massive clusters. 

In comparison to recent studies’, this work significantly extends 
the redshift baseline over which BCG evolution has been investigated 
to z= 1.5, equivalent to a look-back time of about 65% of the age of 
the Universe. Although the first glimpse of the z> 1 BCG population 
reveals galaxies with a range of stellar masses, there is on average 
considerably less stellar mass evolution than expected, with the bulk 
(90%) of the stellar mass already in place by z~1.5, corresponding 
to only about 4—5 Gyr after the Big Bang; the current models predict a 
considerably longer timescale of about 11 Gyr for the same growth, 
reaching 90% at z~0.2. 

Despite this, there is evidence that merging is still underway in our 
high-redshift sample. The BCG in J0849 at z= 1.26 has a nearby 
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Figure 3 | The mass evolution of BCGs with redshift. The BCG mass 
estimates of our sample normalized to local galaxies at z = 0.04. The red 
cross is the estimated biweight location (8.86 X 10''M) and scale 

(3.87 X 10''M) of the sample. We calibrate the stellar masses by 
comparing the rest-frame absolute K, magnitudes with the predicted 
magnitudes and corresponding stellar masses from the semi-analytic 
models*. This involves correcting the observed K, values for: cosmological 
dimming; sampling different spectral regions of the galaxies resulting from 
the redshift (k-correction); and stellar evolution. The last two corrections are 
carried out using synthesized stellar spectra for early-type galaxies 
(appropriate to BCGs) from the hybrid stellar population model shown in 
Fig. 2. The k-correction is well understood over the wavelength range 
appropriate to our sample (0.9—2.2 |im), introducing an uncertainty of about 
10% in the rest-frame absolute K, magnitude estimates. The biweight scale 
provides a realistic estimate of the intrinsic error (s.d.) in the average mass 
using the hybrid model, however the total uncertainty in the inferred BCG 
mass is larger because it depends on the stellar evolution model used (see 
Supplementary Information). The grey diamonds show the individual BCG 
mass predictions‘ in 125 simulated clusters at each of six redshifts (0.0, 0.2, 
0.5, 0.75, 1.08 and 1.5) above corresponding selection masses (4.7, 3.5, 2.8, 
2.4, 1.5 and 1.0) in units of 10'4M o- The black-filled circles show the average 
value at each redshift (all errors are s.d.). The predictions are based on semi- 
analytic models of galaxy evolution. These use large N-body simulations 
such as the Millennium Simulation’, which models the development of 
2,160° cold dark-matter particles within a box that is over two billion light 
years per side. The semi-analytic techniques use the merger trees from the 
simulations and graft on analytical approximations to account for the 
complicated physics of the baryons in a range of ongoing processes 
associated with galaxy formation, such as: cooling, star formation, 
supernova outbursts and the growth of black holes in active galactic nuclei. 


companion (projected separation of about 6 kiloparsecs, kpc) with 
which it is likely to undergo dissipationless merging in the future”’. 
Of the other clusters in our sample, the BCG and its neighbour 
(projected separation of about 15kpc) in J1252 are also possible 
merger candidates. Assuming that mergers take place in both these 
cases, the fraction of BCG stellar mass already assembled (based on 
the K, fluxes of the main components) is ~84% and ~60% for J0849 
and J1252 respectively, supporting the contention that most of the 
growth has actually already taken place in these two BCGs. 

The timescale for the mass assemblage is similar to the age of the 
component stars (2-3 Gyr), a situation that appears to resemble classical 
monolithic collapse*”’ rather than hierarchical formation. To form a 
galaxy of stellar mass 10'*M © over 4 Gyr requires a mass deposition rate 
of about 250M g per year and an efficient mechanism of feeding the gas 
into the inner regions of the halo where it can form stars. Unfortunately, 
the merging process becomes inefficient for massive galaxies because 
merger-induced shocks lead to heating as opposed to radiative cooling 
of the gas’. One recent suggestion” is that the early assembly of massive 
galaxies at z= 2 is driven by narrow streams of dense cold gas which 
penetrate the shock-heated region, greatly increasing the efficiency of 
the gas deposition and associated star formation. Thus, in young BCGs 
the fraction of time the galaxy spends undergoing a major merger event 
could be less than 10%, with the stellar mass assembly dominated by this 
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‘stream-fed’ process”. Alternatively, a deficiency may lie in the semi- 
analytic treatment of the physical processes in the densest environments 
during early hierarchical assembly—a contention supported by the fact 
that current predictions are moderately consistent with observations of 
the evolution of luminous red galaxies**’’, whereas our results, which 
focus on the most massive subset of this population, the BCGs, differ 
much more from the model predictions. 

In a wider context, the hierarchical simulations and their semi- 
analytic prescriptions have arguably provided an excellent way of 
generating mock catalogues of galaxies to compare with real data, 
but our results show that they do not account for the assemblage 
history of all galaxies. Larger simulations may provide a better stati- 
stical probe of both the merging history of the largest haloes and 
cluster-mass trends. If BCGs collapsed and formed at high redshift 
ina single burst of intense star formation then they may well be dusty 
enough and in sufficient numbers to be detectable with the coming 
generation of submillimetre surveys, which will cover areas large 
enough to detect objects as rare as BCGs. The ongoing XCS survey 
will find many more high-redshift clusters and we anticipate that our 
results will stimulate independent studies of BCGs as new clusters are 
found in the redshift “desert” beyond z= 1.5 from infrared and X-ray- 
based surveys such as eRosita. 
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Antiparticles account for a small fraction of cosmic rays and are 
known to be produced in interactions between cosmic-ray nuclei 
and atoms in the interstellar medium’, which is referred to as a 
‘secondary source’. Positrons might also originate in objects such as 
pulsars” and microquasars’ or through dark matter annihilation’, 
which would be ‘primary sources’. Previous statistically limited 
measurements” of the ratio of positron and electron fluxes have 
been interpreted as evidence for a primary source for the positrons, 
as has an increase in the total electron+positron flux at energies 
between 300 and 600 GeV (ref. 8). Here we report a measurement of 
the positron fraction in the energy range 1.5—100 GeV. We find that 
the positron fraction increases sharply over much of that range, ina 
way that appears to be completely inconsistent with secondary 
sources. We therefore conclude that a primary source, be it an 
astrophysical object or dark matter annihilation, is necessary. 

The results presented here are based on the data set collected by the 
PAMELA satellite-borne experiment’ between July 2006 and February 
2008. More than 10” triggers were accumulated during a total acquisi- 
tion time of approximately 500 days. From these triggered events, 
151,672 electrons and 9,430 positrons were identified in the energy 
interval 1.5-100 GeV. Results are presented as positron fraction—that 
is, the ratio of positron flux to the sum of electron and positron 
fluxes,p(et)/((e*) +(e ))—and are shown in Table 1. The 
apparatus is a system of electronic particle detectors optimized for 
the study of antiparticles in the cosmic radiation (Supplementary 
Information section 1). It was launched from the Bajkonur cosmo- 
drome on 15 June 2006 on board a satellite that was placed into a 70.0° 
inclination orbit, at an altitude varying between 350 km and 610 km. A 
permanent magnet spectrometer with a silicon tracking system allows 
the rigidity (momentum/charge, resulting in units of GV), and sign- 
of-charge of the incident particle to be determined. The interaction 
pattern in an imaging silicon-tungsten calorimeter allows electrons 
and positrons to be separated from protons. 

The misidentification of protons is the largest source of back- 
ground when estimating the positron fraction. This can occur if 
electron- and proton-like interaction patterns are confused in the 


calorimeter data. The proton-to-positron flux ratio increases from 
approximately 10° at 1 GV to approximately 10* at 100 GV. Robust 
positron identification is therefore required, and the residual proton 
background must be estimated accurately. The imaging calorimeter 
is 16.3 radiation lengths (0.6 nuclear interaction lengths) deep, so 
electrons and positrons develop well contained electromagnetic 
showers in the energy range of interest. In contrast, the majority of 
the protons will either pass through the calorimeter as minimum 
ionizing particles or interact deep in the calorimeter. 

This is illustrated in Fig. 1, which shows F, the fraction of calorimeter 
energy deposited inside a cylinder of radius 0.3 Moliere radii, as a 
function of deflection (rigidity~'). The axis of the cylinder is defined 
by extrapolating the particle track reconstructed in the spectrometer. 
For negatively-signed deflections, electrons are clearly visible as a 
horizontal band with F lying mostly between 0.4 and 0.7. For 
positively-signed deflections, the similar horizontal band is naturally 
associated with positrons, with the remaining points, mostly at F < 0.4, 
designated as proton contamination (see Supplementary Information 
sections 2 and 3 for additional details concerning particle selection and 
background determination). 

Figure 2 shows the positron fraction measured by the PAMELA 
experiment compared with other recent experimental data. The 
PAMELA data covers the energy range 1.5—100 GeV, with significantly 
higher statistics than other measurements. Two features are clearly 
visible in the data. At low energies (below 5 GeV) the PAMELA results 
are systematically lower than data collected during the 1990s, and at 
high energies (above 10GeV) the PAMELA results show that the 
positron fraction increases significantly with energy. 

Measurements of cosmic-ray positrons and electrons address a 
number of questions in contemporary astrophysics, such as the nature 
and distribution of particle sources in our Galaxy, and the subsequent 
propagation of cosmic rays through the Galaxy and the solar helio- 
sphere. Positrons are believed to be mainly created in secondary pro- 
duction processes, that is, by the interaction of cosmic-ray nuclei with 
the interstellar gas. The solid line in Fig. 2 showsa calculation’ based on 
such an assumption. Although this calculation is widely used, it does 
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Table 1| Summary of positron fraction results 


Rigidity at Mean kinetic ener, et 
oe aie: at top of plead: Extrapolated ACERT 
(GV) (GeV) at top of payload 
1.5-1.8 1.64 (0.0673+8:0014) 
1.8-2.2 1.99 (0.0607 + 0.0012) 
2.2-2.7 2.44 (0.0583 + 0.0011) 
2.7=3.3 2.99 (0.0551 + 0.0012) 
3.3-4.1 3.68 (0.0550 + 0.0012) 
4.1-5.0 4.52 (0.0502 + 0.0014) 
5.0-6.1 5.43 (0.0548 + 0.0016) 
6.1-7.4 6.83 (0.0483 + 0.0018) 
7A-9.1 8.28 (0.0529 + 0.0023) 
9.1-11.2 10.17 (0.0546 *6:002°) 
11.2-15.0 13.11 (0.0585+8:8030) 
15.0-20.0 17.52 (0.0590 +6:0040) 
20.0-28.0 24.02 (0.0746 + 0.0059) 
28.0-42.0 35.01 (0.0831 + 0.0093) 
42.0-65.0 53.52 (0.106*8-055) 
65.0-100.0 82.55 (0:137 73-088) 


The errors are one standard deviation. Details concerning particle selection and proton 
background determination can be found in Supplementary Information sections 2 and 3. The 
detection efficiencies for electrons and positrons are assumed to cancel, as the physical 
processes that these species undergo in the PAMELA detectors can be assumed to be identical 
across the energy range of interest. Possible bias arising from a sign-of-charge dependence on 
the acceptance due to the spectrometer magnetic field configuration and east-west effects 
caused by the Earth's magnetic field were excluded as follows. Effects due to the spectrometer 
magnetic field were studied using the PAMELA Collaboration’s simulation software. No 
significant difference was found between the electron and positron detection efficiency above 
1GV. East-west effects, as well as contamination from re-entrant albedo particles (secondary 
particles produced by cosmic rays interacting with the Earth’s atmosphere that are scattered 
upward but lack sufficient energy to leave the Earth's magnetic field and re-enter the 
atmosphere in the opposite hemisphere but at a similar magnetic latitude), are significant 
around and below the lowest permitted rigidity for a charged cosmic ray to reach the Earth from 
infinite distance, known as the geomagnetic cut-off. The geomagnetic cut-off for the PAMELA 
orbit varies from less than 100 MV for the highest orbital latitudes to ~15 GV for equatorial 
regions. In this work, only events with a measured rigidity exceeding the estimated vertical 
(PAMELA z-axis) geomagnetic cut-off by a factor of 1.3 were considered. This reduced 
east-west effects and re-entrant particle contamination to a negligible amount. The vertical 
geomagnetic cut-off was determined following the Stormer formalism on an event-by-event 
basis and using orbital parameters reconstructed at a rate of 1Hz. 


not account for uncertainties related to the production of secondary 
positrons and electrons (see ref. 10). Uncertainties arise because of 
incomplete knowledge of (1) the primary cosmic-ray nuclei spectra, 
(2) modelling of interaction cross-sections, (3) modelling of cosmic- 
ray propagation in the Galaxy and (4) solar modulation effects. 

The low energy data from previous experiments (CAPRICE94", 
HEAT95° and AMS-01") match the calculated secondary fraction while 
the PAMELA data are clearly lower. This points to charge-sign- 
dependent solar modulation effects. The solar wind modifies the energy 
spectra of cosmic rays within the Solar System. This effect is called solar 
modulation, and has a significant effect on cosmic rays with energies less 
than about 10 GeV. The amount of solar modulation depends on solar 
activity, which has an approximately sinusoidal time dependence and is 
most evident at solar maximum, when the low-energy cosmic-ray flux is 
at a minimum. The peak-to-peak period is 11 years, but a complete 
‘solar cycle’ is 22 years long because at each maximum the polarity of 
the solar magnetic field reverses. The low energy difference between the 
PAMELA and other, older, results can be interpreted as a consequence of 
charge dependent solar modulation effects (Supplementary Infor- 
mation section 4). These older results were collected during the previous 
polarity of the solar cycle. A balloon-borne experiment which flew in 
June 2006 has also observed a suppressed positron fraction’’ at low 
energies, but with large statistical uncertainties. 

Above 5 GeV, the PAMELA positron fraction agrees with the most 
recent measurements’ ’. Although too statistically limited to draw 
any significant conclusions, these high energy measurements indicate 
a flatter positron fraction than expected from secondary production 
models. Now, PAMELA data clearly show that the positron fraction 
increases significantly with energy. Besides the uncertainties previ- 
ously discussed, those on the primary electron spectrum are also 
relevant. The electron injection spectrum at source is expected to 
have a power law index of approximately —2 (ref. 14) and be equal 
to that of protons’’ up to about 1 TeV. When the energy losses of 
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Figure 1| Calorimeter energy fraction, *. The fraction of calorimeter 
energy deposited inside a cylinder of radius 0.3 Moliére radii, as a function of 
deflection. The number of events per bin is shown in different colours, as 
indicated in the colour scale. The axis of the cylinder is defined by 
extrapolating the particle track reconstructed by the spectrometer. The 
Moliere radius is an important quantity in calorimetry, as it quantifies the 
lateral spread of an electromagnetic shower (about 90% of the shower energy 
is contained in a cylinder with a radius equal to 1 Moliére radius), and 
depends only on the absorbing material (tungsten in this case). The events 
were selected requiring a match between the momentum measured by the 
tracking system and the total detected energy and requiring that the 
electromagnetic shower starts developing in the first planes of the 
calorimeter. The particle identification was tuned to reject 99.9% of the 
protons, while selecting >95% of the electrons or positrons. 


primary cosmic rays during their propagation are taken into account, 
electrons are expected to have a harder spectrum than positrons if 
these are mostly of secondary origin. Hence, the positron fraction is 
expected to fall as a smooth function of increasing energy. Therefore, 
PAMELA positron fraction data cannot be understood by standard 
models describing the secondary production of cosmic rays. Either a 
significant modification in the acceleration and propagation models 
for cosmic rays is needed, or a primary component is present (for 
more details, see ref. 16). There are several interesting candidates for a 
primary component, including the annihilation of dark matter 
particles in the vicinity of our Galaxy and a contribution from nearby 
astrophysical sources, such as pulsars or microquasars. 

The energy budget of the Universe can be broken down into baryonic 
matter (about 5%), dark matter (about 23%) and dark energy (about 
72%)'’. Many particle candidates have been proposed for the dark 
matter component. The most widely studied are weakly interacting 
massive particles (WIMPs), such as the neutralino from supersym- 
metric models* and the lightest Kaluza Klein particle from extra dimen- 
sion models'*"’. High energy antiparticles such as positrons and 
antiprotons (see ref. 20 and references within) can be produced during 
the annihilation or decay of these dark matter particles in our Galaxy. In 
a previous publication’’, we presented the antiproton-to-proton flux 
ratio in the energy range 1-100 GeV. The data follow the trend expected 
from secondary production calculations for antiprotons. Therefore, if 
the PAMELA positron results have a component due to dark matter this 
has to annihilate or decay into mostly leptonic final states. Furthermore, 
heavy WIMP candidates or large boost factors (see, for example, refs 22, 
23) associated with non-uniform clumps in the dark matter distri- 
bution are required. It is worth pointing out that our antiproton-to- 
proton flux ratio data”' limit significantly the boost factor for thermal 
WIMP candidates (ref. 24). WIMPs of non-thermal origin’ can also be 
considered as explanations for both PAMELA positron and antiproton 
results. This model predicts a sharp decrease in the primary positron 
spectrum above 100 GeV, an energy range that PAMELA is exploring 
and will be soon able to clarify. 

The possible production of positrons from nearby astrophysical 
sources, such as pulsars””*’? and microquasars’, must be taken into 
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Figure 2 | PAMELA positron fraction with other experimental data and 
with secondary production model. The positron fraction measured by the 
PAMELA experiment compared with other recent experimental data (see 
refs 5—7, 11-13, 30, and references within). The solid line shows a 
calculation’ for pure secondary production of positrons during the 
propagation of cosmic rays in the Galaxy without reacceleration processes. 
Error bars show 1 s.d.; if not visible, they lie inside the data points. 


account when interpreting potential dark matter signals. A pulsar 
magnetosphere is a well known cosmic particle accelerator. The details 
of the acceleration processes are as yet unclear, but electrons are 
expected to be accelerated in the magnetosphere, where they induce 
an electromagnetic cascade. This process results in electrons and 
positrons that can escape into the interstellar medium, contributing 
to the cosmic-ray electron and positron components. As the energy 
spectrum of these particles is expected to be harder than that of the 
secondary positrons, such pulsar-originated positrons may dominate 
the high energy end of the cosmic-ray positron spectrum. But because 
of the energy losses of electrons and positrons during their propaga- 
tion, just one or a few nearby pulsars can contribute significantly to the 
positron energy spectrum (see, for example, refs 28, 29). 

The PAMELA positron data presented here are insufficient to distin- 
guish between astrophysical primary sources and dark matter annihila- 
tion. However, PAMELA will soon present results concerning the energy 
spectra of primary cosmic rays—such as electrons, protons and higher 
mass nuclei—that will significantly constrain the secondary production 
models, thereby lessening the uncertainties on the high energy beha- 
viour of the positron fraction. Furthermore, the experiment is continu- 
ously taking data and the increased statistics will allow the measurement 
of the positron fraction to be extended up to an energy of about 
300 GeV. The combination of these efforts will help in discriminating 
between various dark matter and pulsar models put forward to explain 
both our results and the ATIC’ results. New important information will 
soon come also from the FERMI satellite that is studying the diffuse 
Galactic cosmic y-ray spectrum. Pulsars are predominantly distributed 
along the Galactic plane, while dark matter is expected to be spherically 
distributed as an extended halo and highly concentrated at the Galactic 
Centre. The diffuse y-ray spectrum is sensitive to these different geo- 
metries. Furthermore, PAMELA is measuring the energy spectra of both 
electrons (up to ~500 GeV) and positrons (up to ~300 GeV). These 
data will clarify if the ATIC results* are due to a significantly large 
component of pair-produced electrons and positrons (to explain the 
high energy ATIC data, the positron fraction should exceed 0.3 above 
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300 GeV), hence pointing to primary positron sources, or to a hardening 
of the electron spectrum with a more mundane explanation. 
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Emergence of the persistent spin helix in 
semiconductor quantum wells 


J. D. Koralek!, C. P. Weber’, J. Orenstein'”, B. A. Bernevig*, Shou-Cheng Zhang”, S. Mack® & D. D. Awschalom® 


According to Noether’s theorem’, for every symmetry in nature 
there is a corresponding conservation law. For example, invariance 
with respect to spatial translation corresponds to conservation of 
momentum. In another well-known example, invariance with 
respect to rotation of the electron’s spin, or SU(2) symmetry, leads 
to conservation of spin polarization. For electrons in a solid, this 
symmetry is ordinarily broken by spin-orbit coupling, allowing 
spin angular momentum to flow to orbital angular momentum. 
However, it has recently been predicted that SU(2) can be achieved 
in a two-dimensional electron gas, despite the presence of spin— 
orbit coupling’. The corresponding conserved quantities include 
the amplitude and phase of a helical spin density wave termed the 
‘persistent spin helix”. SU(2) is realized, in principle, when the 
strengths of two dominant spin-orbit interactions, the Rashba’ 
(strength parameterized by a) and linear Dresselhaus‘ (f,) inter- 
actions, are equal. This symmetry is predicted to be robust against 
all forms of spin-independent scattering, including electron— 
electron interactions, but is broken by the cubic Dresselhaus term 
(f3) and spin-dependent scattering. When these terms are 
negligible, the distance over which spin information can propagate 
is predicted to diverge as a approaches f,. Here we report experi- 
mental observation of the emergence of the persistent spin helix in 
GaAs quantum wells by independently tuning « and f). Using tran- 
sient spin-grating spectroscopy’, we find a spin-lifetime enhance- 
ment of two orders of magnitude near the symmetry point. 
Excellent quantitative agreement with theory across a wide range 
of sample parameters allows us to obtain an absolute measure of all 
relevant spin-orbit terms, identifying £; as the main SU(2)- 
violating term in our samples. The tunable suppression of spin 
relaxation demonstrated in this work is well suited for application 
to spintronics®’. 

Transient spin-grating spectroscopy (TSG) is a powerful tool for 
searching for the persistent spin helix (PSH) because it enables measure- 
ment of the lifetime of spin polarization waves as a function of wave- 
vector, q. In TSG, spin polarization waves of well-defined q are 
generated by exciting a two-dimensional electron gas (2DEG) with 
two non-collinear beams of light from a femtosecond laser. When the 
two incident pulses of light are linearly polarized in orthogonal direc- 
tions, interference generates stripes of alternating photon helicity in the 
sample. Because of the optical orientation® effect in III-V semi- 
conductors, the photon helicity wave generates a spin polarization wave 
in the 2DEG. The wavevector is varied by changing the angle between the 
interfering beams. The spin wave imprinted in the 2DEG acts as an 
optical diffraction grating, allowing its subsequent temporal evolution 
to be monitored by the diffraction of a time-delayed probe pulse’. 

In Fig. la we show a set of TSG decay curves for a 2DEG in an 
asymmetrically modulation-doped GaAs quantum well, which is 


expected to have both Rashba and Dresselhaus spin-orbit interactions. 
Each curve represents the decay of a spin grating at a specific q. The 
decay at q= |q| = 0 (not shown), measured by time-resolved Faraday 
rotation'’, follows a single exponential over nearly three orders of 
magnitude. With increasing q, the decay evolves towards the sum of 
two exponentials with nearly equal weights but very different rate 
constants. We fit the TSG decay curves with double exponentials and 
plot the resulting spin lifetimes in Fig. 1b, immediately observing very 
unusual spin-diffusion properties. The rapidly decaying component of 
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Figure 1| Double-exponential decay of transient spin gratings. a, TSG 
decay curves at various wavevectors, q, for an asymmetrically doped 2DEG 
with a mixture of Rashba and Dresselhaus spin-orbit couplings. a.u., 
arbitrary units. b, Lifetimes for the spin—orbit-enhanced (t;) and -reduced 
(TR) helix modes extracted from double-exponential fits to the data in a. The 
solid lines are a theoretical fit (see text) using a single set of spin-orbit 
parameters for both helix modes. Error bars (s.d.) are the size of the data 
points. ¢, Illustration of a helical spin wave, which is one of the normal 
modes of the spin-orbit coupled 2DEG. In this picture, z is the growth 
direction [001], and the axes x’ and y’ respectively refer to the [11] and [11] 
directions in the plane of the 2DEG. The green spheres represent electrons 
whose spin directions are given by the arrows. 
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the TSG (lifetime, tp) displays ordinary diffusion in the sense that the 
spin lifetime is peaked at q = 0. On the other hand, the lifetime of the 
slowly decaying component (Tx), is peaked sharply at a non-zero value 
of q. 

The salient features of Fig. 1a, b were predicted by recent quantitative 
theories of spin propagation in a 2DEG in the presence of spin—orbit 
coupling. The effects on spin propagation of the Rashba interaction 
term in the Hamiltonian, Hp = ahvp(kyo, —k,oy), where vp is the 
Fermi velocity, hk = h(k, k,, k,) is the electron momentum (/ denoting 
Planck’s constant divided by 27) and o,,and a, are Pauli matrices, were 
studied in refs 11, 12. The term Hg corresponds to an in-plane, 
k-dependent magnetic field, by = ahvp( kX —k 9), that leads to preces- 
sion of the electron’s spin. It was found that, in the presence of bp, the 
normal modes of the system are helical waves of spin polarization in 
which the spin direction rotates in the plane normal to the 2DEG and 
parallel to the wavevector, q (Fig. 1c). For each q, there are two helical 
modes with opposite senses of rotation. The lifetime of the mode whose 
sense of rotation matches the precession of the electron’s spin is 
enhanced, and the lifetime of the other is reduced. A striking prediction 
is that, for a range of q values, the spin—orbit-enhanced lifetime will 
exceed that of a uniform (q=0) spin polarization. This contrasts 
with ordinary diffusion, in which the decay rate for spin excitations 
scales as q° and the spin lifetime is always greatest at q = 0. (The same 
conclusions are reached when the linear Dresselhaus term, 
Hp =f hivp(k,ox — kyoy), is assumed to be the only spin-orbit inter- 
action). Experimental support for these predictions was reported’, 
in which a maximum spin lifetime at non-zero q was observed in 
nominally symmetric GaAs quantum wells, where Hp dominates the 
spin-orbit Hamiltonian. 

Recently, this theory has been extended to predict the lifetimes of 
helix modes in the presence of both Hp and Hp (ref. 2). In particular, 
it was predicted that as the two couplings approach equal strength, 
the spin—orbit-enhanced mode evolves to the PSH; that is, the life- 
time tends to infinity for q = qpsy. As discussed above, the stability of 
the PSH is a manifestation of SU(2) symmetry at this point in para- 
meter space. Although conservation of the x’ component (Fig. 1c) of 
spin, or U(1) symmetry, was noted previously’, SU(2) symmetry 
implies conservation of the amplitude and phase of the PSH as well. 
The theory also predicts quantitatively how the persistence of the 
helix degrades with detuning from the SU(2) point, by variation 
either of q or the «/f, ratio. The theory has been extended further’* 
by the inclusion of the SU(2)-breaking effects of the cubic 
Dresselhaus coupling 
hvp 
kj 
(kp is the Fermi wavevector) which is always present at some level 
because of the non-zero width of the quantum well (see below). 

The predictions of helical spin modes described above are clearly 
evident in the TSG results shown in Fig. 1. The initial condition 
created by the two pump pulses—a sinusoidal of variation S, at 
t = 0—is equivalent to two equal-amplitude S,—S, helices of opposite 
pitch. Each of these normal modes then decays independently with its 
own characteristic decay rate, corresponding to the spin—orbit- 
enhanced and -reduced helix lifetimes (tg and Tp, respectively). 
The reduced lifetimes shown in Fig. 1b peak at q= 0, whereas the 
enhanced lifetime is greatest at a finite value of q. The solid lines are a 
fit to the theory of ref. 15 using a single set of spin-orbit parameters 
for both the enhanced and reduced helix modes. 

The fact that the dispersion of both branches is accurately fitted by a 
single set of spin-orbit parameters suggests that spin helices are indeed 
the normal modes of our spin—orbit-coupled 2DEGs. The theoretical 
fits provide us with values for «, 61, 63 and Ds (the spin-diffusion 
coefficient), which we then use to guide us in engineering quantum 
wells with the longest spin-helix lifetimes. To tune the spin—orbit 
Hamiltonian, we have designed a series of quantum-well samples with 
varying doping asymmetries and well widths. 
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Figure 2 summarizes the spin-orbit tuning results. To tune the 
Rashba interaction, which arises from asymmetry in the electron’s 
confinement potential, we varied the relative concentration of remote 
dopants on the two sides of the 2DEG (keeping the total dopant con- 
centration fixed). These measurements were performed at T = 75 K, at 
which temperature the enhanced-mode lifetimes are greatest (see dis- 
cussion of T dependence below). The enhanced spin lifetimes, ty, are 
plotted as functions of q in Fig. 2a, for a set of 12-nm-wide quantum 
wells with varying amounts of doping asymmetry. The maximum 
lifetime and the wavevector at which it occurs grow monotonically 
with increasing dopant asymmetry. Figure 2b shows the spin-orbit 
parameters extracted from comparison of the dispersion curves with 
the theory of ref. 15, for each of the samples. The parameters «, (3, and 
3 are plotted as functions of normalized asymmetry, defined as the 
difference between the concentrations of dopant ions on either side of 
the well, divided by the total dopant concentration. The variation in « is 
well approximated by a straight line that extrapolates to zero coupling 
as the asymmetry parameter goes to zero. The data for the nominally 
symmetric sample display a residual Rashba coupling, which we 
attribute to the inherent asymmetry in the growth of the quantum 
wells'*'*"8, Although only tz is shown in Fig. 2a, the high decay rates 
are accurately described by the same set of parameters. 

The linear Dresselhaus interaction is related to the degree of con- 
finement of the electrons (that is, it is proportional to (k2)). We tune 
the linear Dresselhaus interaction by varying the width, d, of each 
quantum well, with the normalized asymmetry fixed at unity. 
Experimentally determined spin lifetimes and theoretical fits are 
plotted in Fig. 2c for values of d ranging from 7 to 15 nm. The peak 
value of tz shows a clear maximum, suggesting that as d is varied the 
spin-orbit Hamiltonian approaches and then recedes from the SU(2) 
point. The curves generated from the theory of ref. 15 fit the data very 
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Figure 2 | Rashba and linear Dresselhaus tuning. a, c, Lifetimes of the 
enhanced helix mode are shown for samples with varying degrees of doping 
asymmetry (a) and well width (c). The normalized asymmetry is the 
difference between the concentrations of dopants on either side of the well, 
divided by the total dopant concentration. The solid lines are fits to the 
theory of ref. 15 (see text). b, d, Plots summarizing the spin-orbit parameters 
from these fits in a and c. As in ref. 15, the spin-orbit coupling strengths are 
expressed as dimensionless quantities by normalizing to the Fermi velocity. 
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well, with both « and f/f remaining essentially constant, indicating 
that we have varied f, independently. The spin-orbit parameters for 
each sample in the series are plotted in Fig. 2d. The crossing of « and 
fh, occurs at a well width near 12 nm; however, the largest t_ value 
occurs in the 11-nm sample. This finding is consistent with theory", 
which predicts that for constant Ds the peak lifetime occurs for 
a= f,—f3 rather than for «= ,. (When tg is normalized to 
account for variations in Ds from one sample to another, the same 
condition holds for asymmetry series as well; see Supplementary 
Information. ) 

As a check on the modelling of our TSG data, we compare the 
experimental values of «, 8, and $3 with band structure calculations. 
The Rashba coupling strength is predicted to obey «= rf e(E,) /hive, 
where eis the elementary charge, (E,) is the average electric field in the 
well and rff° is an intrinsic proportionality factor. In kep perturba- 
tion theory, this factor is found to be 5.206 A? for GaAs (ref. 19). To 
make a comparison with theory, we assume that the electrons in the 
well experience the delta layers as an infinite sheet of positive charge. 
We estimate the field strength to be 5.4 X 10° Vm! for anormalized 
asymmetry of one. From the corresponding value of «, we find that 
19086 = 6,7 A?, in good agreement with the perturbation theory result. 

The Dresselhaus couplings, 8, and /3, are both proportional to a 
single intrinsic parameter, y, with the linear term given by 
p= (2) kpl2 Ep, where Eg is the Fermi energy. From the values of 
f, as a function of well width, determined by TSG spectroscopy and 
analysis using the theory of ref. 15, we estimate that y = 5.0eV A®, 
assuming that (k2) = (1/d)’. A larger value of y would be obtained if 
(k2) were reduced by penetration of the electron wavefunction into the 
barrier. Theoretical calculation of y has proven to be challenging, anda 
wide range of values, 6.5-30 eV A’, have been reported for bulk GaAs 
(refs 20, 21). Comparison with experiment is further complicated by 
the existence of an interface Dresselhaus term, which, although often 
neglected, may be important in two-dimensional structures such as 
those studied here’. In the light of these complications, the value of y 
that we obtain is in reasonable agreement with theory. It is also 
important to note that the experiments reported here potentially offer 
heightened sensitivity to the cubic Dresselhaus interaction, as proxi- 
mity to the SU(2) point effectively eliminates spin relaxation from the 
linear terms. Independent of the value of , the ratio /3/f, is given 
theoretically by kj, /4(k?); that is, it is proportional to the ratio of the 
electron kinetic energies respectively parallel and perpendicular to 
the conducting plane. Again estimating that k,=1/d, we find that 
the expected ratio for an 11-nm well is 0.16, consistent with our 
experimental value of 0.2. This agreement between theory and experi- 
ment supports the notion that the cubic Dresselhaus interaction limits 
the PSH lifetime in our samples at low temperature. 

The T dependence of the spin-helix lifetimes further tests our 
understanding of 2DEG spin physics, and also is relevant to potential 
spintronics applications. The T dependence of the lifetime of each 
mode, for the sample closest to the SU(2) point, is plotted on a 
logarithmic scale in Fig. 3a. The lifetime of the spin—orbit-enhanced 
mode increases with decreasing T to ~50K, then drops rapidly with 
further lowering of T. The lifetime of the spin—orbit-reduced mode, 
on the other hand, decreases monotonically with decreasing T. 

We cannot rely solely on the spin dynamics theories described 
previously to explain the observed T dependence, as they consider 
only the T = 0 limit. However, these theories do indicate an important 
first step in the analysis. For a given set of spin-orbit parameters, the 
spin-helix lifetimes for both senses of rotation, and for all q, are 
predicted to scale as D>'. Because Dg is known to depend strongly 
on T (ref. 23), this scaling provides at least one well-understood 
mechanism for T-dependent lifetimes. However, the fact that 
the enhanced- and reduced-lifetime modes display very different tem- 
perature dependences indicates immediately that scaling by Ds(T) 
cannot fully account for the effect of temperature. 

To focus on the T-dependent effects other than scaling by Ds, we 
consider the dimensionless parameter 7 = Dsqpo4tpsep rather than 
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Figure 3 | Temperature dependence of the PSH. a, Temperature 
dependence of the lifetime of each helix mode at qpsy for the 11-nm, 
asymmetrically doped sample, which is the closest to the SU(2) point. 

b, Temperature dependence of the dimensionless lifetime-enhancement 
factor 1 = Dsq}otpsu for each helix mode. c, Temperature dependence of 
the PSH dispersion curves for a similar sample with a slightly reduced 
mobility. The reduced mobility suppresses the drop in Dg and t by avoiding 
the ballistic crossover. Fits to the theory of ref. 15 (solid lines) are also shown. 


Tpsy itself (here the subscript PSH refers to quantities evaluated at the 
PSH wavevector). The parameter 7 is the measured PSH lifetime 
normalized to the lifetime predicted in the absence of spin—orbit 
coupling (see Methods), that is, a direct measure of the lifetime 
enhancement as a result of proximity to the SU(2) point. Figure 3b 
is a logarithmic plot of n(T) for both helix modes. The enhancement 
factor corresponding to the rapidly decaying mode, 77g, is essentially 
independent of T, indicating that the temperature dependence of Tr 
is entirely accounted for by Ds(T). (The rapid increase of Ds below 
75K is the result of the quenching of the spin-Coulomb-drag 
effect****.) By contrast, 7p is strongly T dependent. In this case, nor- 
malization with respect to Ds(T) converts the peak in tg near 75 K to 
a plateau at low values of T, demonstrating that the PSH-lifetime 
enhancement is a monotonically decreasing function of increasing T. 
The enhancement factor is approximately 100 at low values of T and 
decays towards unity (no spin-orbit enhancement) at high temper- 
ature. Above 50K, the enhancement factor obeys the power law 
n(T) x T **. In Fig. 3c, we plot the spin-lifetime dispersion curves 
for several values of T, illustrating the damping of the entire PSH 
resonance with increasing temperature. Although weakened, the 
PSH remains observable at room temperature. The existence of the 
PSH at temperatures far greater than that equivalent to the spin-orbit 
spin-splitting energy, which is only ~1 K, supports the idea that the 
lifetime enhancement is symmetry driven. 

Why the PSH stability decreases strongly with T remains an open 
question. Within a non-interacting (or single-particle) picture, the 
cubic Dresselhaus term is the only SU(2)-breaking interaction. In 
the two-dimensional limit, where fp; < f,, the cubic Dresselhaus term 
can be viewed as a small, velocity-dependent correction to /;, that is, 
Bt = B, — B;v’/v} (ref. 25). With increasing T, the thermal average of 
Bx" will decrease, driving the effective spin-orbit Hamiltonian farther 
from the SU(2) point. However, it is not clear at present whether this 
effect is sufficiently strong to account for the T dependence depicted in 
Fig. 3. A relatively weak reduction in PSH stability with increasing T 
was observed in numerical simulations of the spin kinetic equations 
for the specific case of % = 0.3/, (ref. 25), and simulations with « ~ f, 
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have not yet been reported. To estimate the T dependence expected in 
this regime, we can substitute the thermal average of Si for J, in the 
formulae of ref. 15 for the PSH lifetime. Although we do obtain 
n(T) «x T* in the high-temperature limit, the onset of T * 
dependence is at approximately the Fermi temperature, which is 
~400 K for our quantum wells. As the measured onset of the T *? 
dependence is at roughly 50 K, the nonlinear velocity dependence of 
BS ' may not fully account for the reduction in PSH lifetime with 
temperature. In considering effects beyond the single-particle picture, 
the approximate T”” scaling suggests a connection with electron— 
electron scattering. As mentioned previously, if SU(2) symmetry is 
exact then the PSH lifetime is not sensitive to electron—electron 
scattering’. However, it remains to be seen whether many-body inter- 
actions can affect the PSH lifetime when SU(2) is weakly broken by the 
cubic Dresselhaus term, disorder in local spin-orbit couplings” or 
spin-dependent scattering mechanisms. 

Finally, we note that a PSH-lifetime enhancement of 100 is not a 
fundamental limit. When controlled by the cubic Dresselhaus term, 
the lifetime enhancement is proportional to (f,/f3)”. Gated structures 
in which electron density and electric field are tuned independently 
will enable this ratio to be increased, while maintaining «= f). 
Increased stability of the PSH creates possibilities for new experiments 
on spin transport, such as the measurement of the intrinsic spin Hall 
effect, the study of charge transport dynamics in the presence of strong 
spatial variation of spin polarization and the demonstration of effi- 
cient spin transistors. 


METHODS SUMMARY 


The GaAs/Alp,;Gay.7As quantum-well samples were grown on semi-insulating GaAs 
in the [001] direction by molecular beam epitaxy, and consisted of ten quantum 
wells separated by 48-nm barriers. The Si donors were deposited in eight single- 
atomic layers in the central 14 nm of each barrier to maximize their distance from 
the 2DEG. To tune «, the ratio of the donor concentrations in alternating barriers 
was adjusted by varying the Si deposition times, and the total target carrier con- 
centration in the wells was held fixed at n = 8 X 10'' cm”. The electron mobility 
typically reached 1+ 3 X 10°cm* V's! at low temperature. All samples were 
mounted on c-axis-cut sapphire discs, and the GaAs substrates were chemically 
etched to allow for spin-grating measurements in transmission geometry. 

We determined the spin diffusion coefficient, Ds, through analysis of the 
uniform spin polarization, S,(q = 0, t), measured by a standard time-resolved 
Faraday rotation technique’®. As T was reduced from room temperature, 
S.(q = 0, t) crossed over from single-exponential decay to damped oscillations 
(at about 50 K in our quantum wells). The crossover occurred when the electron 
mean free time became comparable to the period of precession in the spin-orbit 
effective fields. In the high- regime, we determined Dg from 1/ts = Ds qpoy; (ref. 
27), which holds in the regime where « and /; are approximately equal. Here Ts is 
the q = 0 spin lifetime. To determine Dg through the crossover regime, we used 
the phenomenological formula 


m2 Qt cos 
5.(q=0, tha \ exp |- (oes) do 


where t is the mean free time and Qcos @ is the precession frequency as function 
of angle, , on the Fermi circle. This expression interpolates between the exact 
result in the Qt > 1 limit, which is the zero-order Bessel function, and the non- 
oscillatory decay in the Qr—> 0 limit. We verified that the values of Ds obtained 
from the q = 0 data are consistent with those obtained from analysis of the full q 
dependence of the spin lifetimes. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Transient spin gratings. Transient spin polarization waves were generated by 
the optical interference of two cross-polarized pulses from a single mode-locked 
Ti:sapphire laser (80 MHz, 100 fs), focused non-collinearly onto the 2DEG. The 
pump pulses were amplitude-modulated at 100 kHz using a photo-elastic modu- 
lator. The time evolution of the spin polarization was monitored by time-delayed 
probe pulses, which see the modulation of the 2DEG polarization as a diffraction 
grating because of the Kerr effect. The amplitude and phase of the transient spin 
grating were measured using a heterodyne detection scheme. The diffracted 
pulses were mixed at a Si photodiode detector with another beam from the same 
laser, which served as a local oscillator’. The relative phase of the signal and local 
oscillator pulses was modulated at 210 Hz by transmitting one beam through a 
coverslip mounted ona torsional oscillator. Synchronous detection of the mixed 
signal was accomplished using two lock-in amplifiers, the first referenced to the 
pump amplitude-modulation frequency and the second referenced to the modu- 
lation frequency of the relative phase. 
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Solubility trapping in formation water as dominant 
CO, sink in natural gas fields 


Stuart M. V. Gilfillan”, Barbara Sherwood Lollar’, Greg Holland’, Dave Blagburn', Scott Stevens’, Martin Schoell?, 
Martin Cassidy®, Zhenju Ding’’, Zheng Zhou', Georges Lacrampe-Couloume’ & Chris J. Ballentine’ 


Injecting CO, into deep geological strata is proposed as a safe and 
economically favourable means of storing CO, captured from 
industrial point sources’. It is difficult, however, to assess the 
long-term consequences of CO, flooding in the subsurface from 
decadal observations of existing disposal sites'”. Both the site design 
and long-term safety modelling critically depend on how and where 
CO, will be stored in the site over its lifetime**. Within a geological 
storage site, the injected CO, can dissolve in solution or precipitate 
as carbonate minerals. Here we identify and quantify the principal 
mechanism of CO, fluid phase removal in nine natural gas fields in 
North America, China and Europe, using noble gas and carbon 
isotope tracers. The natural gas fields investigated in our study 
are dominated by a CO, phase and provide a natural analogue 
for assessing the geological storage of anthropogenic CO, over 
millennial timescales’”**. We find that in seven gas fields with 
siliciclastic or carbonate-dominated reservoir lithologies, dissolu- 
tion in formation water at a pH of 5—5.8 is the sole major sink for 
CO,. In two fields with siliciclastic reservoir lithologies, some CO, 
loss through precipitation as carbonate minerals cannot be ruled 
out, but can account for a maximum of 18 per cent of the loss of 
emplaced CO,. In view of our findings that geological mineral fixa- 
tion is a minor CO, trapping mechanism in natural gas fields, we 
suggest that long-term anthropogenic CO, storage models in 
similar geological systems should focus on the potential mobility 
of CO, dissolved in water. 

Noble gas and CO, carbon isotopes are powerful tracers of crustal 
fluid processes that act on subsurface CO, (refs 5, 7-10). Within a 
geological storage site, CO, injected as a free CO, phase (gas or super- 
critical) may over time be dissolved in solution (solubility trapping), 
or locked within carbonate minerals by precipitation (mineral trap- 
ping)*"’. By using noble gas and carbon isotope tracers together to 
study naturally occurring CO systems, we can uniquely identify and 
quantify the principal mechanism of the CO, phase removal (mineral 
or solubility trapping) over a timescale not accessible through extant 
injection studies. 

We combine noble gas data from five natural CO; reservoirs located 
within the Colorado Plateau and Rocky Mountain provinces 
(McCallum dome, Sheep Mountain and McElmo dome, in 
Colorado; Bravo dome, in New Mexico; and St Johns dome, in 
Arizona and New Mexico)’ with new 5'°C(CO,) isotope data 
(Table 1). Previous work has shown that noble gas patterns in these 
gas fields are explained by the stripping of CO) gas from the formation 
water during reservoir filling, followed by partial dissolution of noble 
gases back into the formation water’. We also consider published 
noble gas and stable isotope information in a further four CO2-rich 


natural gas fields (the JM-Brown Bassett (JMBB) field in the Permian 
basin, Texas’; the Kismarja field in the Pannonian basin, Hungary*; 
and the Jilin field in the Songliao basin, Jilin Province, and the Subei 
basin field, Jiangsu Province, in China’). 

CO,/*He ratios within the magmatic range of (1-10) X 10° have 
been used to identify a primary magmatic origin of the CO, con- 
tained within five natural CO; reservoirs of the Colorado Plateau and 
Rocky Mountain provinces’. CO3/*He ratios within the Subei basin 
and the JMBB field also indicate a magmatic origin, but the CO,/*He 
ratios within the Jilin and Kismarja fields are much higher, suggesting 
a predominantly crustal origin®*!*'*. All of the reservoirs exhibit 
local variation in the CO, content relative to the inert tracer *He. 
As there is not a significant source of 3He within the crust", and as 
°He is inert and highly insoluble’, this variation must be due to 
changes in the CO, component within the reservoirs. Although many 
sources and sinks of CO, exist in the subsurface**”, below we argue 
that the variation in CO;/*He ratios is caused by CO, loss from the 
reservoir. The difference between the highest CO/*He ratio and 
lower values can provide a minimum estimate of this CO, loss. In 
the case of Bravo dome, a reduction in CO,/*He values from 
4.82 X 10° (well BD11) to 2.25 X 10° (BD02) indicates a loss of the 
original CO, charge of >50% in the portion of the reservoir 
represented by BD02 (Table 1). Samples from McElmo dome show 
a decrease from 8.5 X 10” (YD-1) to 0.68 X 10° (HE-2), suggesting a 
loss of emplaced CO, of >90% in portions of this field. 

“He is continually produced in the subsurface by the radiogenic 
decay of U, Th and K (ref. 14). ?°Ne is introduced into the subsurface 
as a component of air dissolved in water and, as such, can only enter 
the reservoir system through interaction with formation water’. 
Although there is no a priori reason to expect a correlation between 
“He and *°Ne, one has been observed in natural gases on a regional 
scale. This correlation is the result of *He accumulating in the 
formation water'’, which also contains atmosphere-derived 20Ne, 
and subsequent quantitative partitioning of both “He and 7°Ne into 
the reservoir phase”’*. Almost all CO2 reservoirs for which we have 
?°Ne and “He concentration data show a local *°Ne correlation with 
“He (Table 1 and Supplementary Information). A decrease in 
CO,/*He is also correlated with 7°Ne in most CO, reservoirs 
(Fig. 1) and with “He in all CO, reservoirs (Fig. 2). 

There are various mechanisms by which crustal CO, 
(CO,/*He > 10'°) can be added to these systems*'°, but there is no 
plausible mechanism that enables crustal CO, to be variably added to 
these systems while preserving a correlation of CO,/*He with the 
noble gases derived from formation water. Neglecting small amounts 
of *He dissolution back into the formation water’, changes in 


'School of Earth, Atmospheric and Environmental Sciences, The University of Manchester, Oxford Road, Manchester M13 9PL, UK. *Scottish Centre for Carbon Storage, School of 
GeoSciences, The University of Edinburgh, Grant Institute, Kings Buildings, West Mains Road, Edinburgh EH9 3JW, UK. *Department of Geology, University of Toronto, 22 Russell 
Street, Toronto, Ontario M5S 3B1, Canada. *Advanced Resources International, 4501 Fairfax Drive, Suite 910, Arlington, Virginia 22203-1661, USA. °GasConsult International, 2808 
Adeline Street #3, Berkeley, California 94703, USA. °Department of Earth and Atmospheric Sciences, University of Houston, Houston, Texas 77204-5503, USA. ’China University of 


Geosciences, Wuhan City, 430074, China. 
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Table 1| Sample location, producing formation, major gas species and CO, carbon isotopes 


Field and well Location Producing CO;/*He 3He/*He 4He Ne 8°C(CO2) 
formation (10°) (R/Ra) (10-4 cm? (10-8 cm? (%o) 
(STP) cm 3) (STP) cm~) 
Bravo dome’ 
BDO1 35.8613, —103.2947 Tubb 4.53 (10) 1.670 (8) 0.944 (12) 0.169 (2) —3.96 (4) 
BDO2 36.0058, —103.2305 Tubb 225 (5) 0.764 (4) 4.15 (5) 0.700 (7) —4.93 (8) 
BDO3 36.0934, — 103.2662 Tubb 2.41 (5) 0.896 (4) 3.31 (4) 0.521 (5) —4.89 (19) 
BDO4 35.9766, —103.3480 Tubb 4.61 (10) 1.611 (8) 0.961 (2) 0.181 (2) —4.23 (8) 
BDO5 35.9190, —103.2059 Tubb 2.74 (6) 0.965 (5) 2.70 (4) 0.446 (4) —4.95 (5) 
BDO6 36.1080, — 103.4988 Tubb 3.94 (8) 1.503 (8) .20 (2) 0.202 (2) —4,55 (11) 
BDO7 35.9046, — 103.4190 Tubb 4.34 (9) 2.104 (11) 0.781 (10) 0.180 (2) —4.85 (1) 
BDO8 35.8037, —103.4368 Tubb 3.87 (8) 1.143 (6) 61 (2) 0.264 (3) —3.88 (8) 
BDO9 36.0496, —103.4452 Tubb 4.22 (9) 1.724 (9) 0.981 (12) 0.180 (2) —444 (11) 
BD10 36.1519, —103.3557 Tubb 3.25 (6) 1.104 (6) 99 (3) 0.308 (3) —4.88 (7) 
BD11 35.8469, —103.7032 Tubb 4.82 (10) 3.784 (19) 0.391 (5) 0.103 (1) —3.66 (29) 
BD12 35.8469, —103.7387 Tubb 4.74 (10) 3.627 (18) 0.415 (6) NM —3.94 (17) 
BD13 35.7749, —103.2059 Tubb 3.54 (8) 1.318 (7) 1.53 @) 0.240 (3) —4.42 (3) 
BD14 35.7893, —103.3302 Tubb 4.39 (9) 1.413 (7) 1.15 (2) 0.179 (4) —4.04 (2) 
BD12b 35.8469, —103.7387 Tubb 4.75 (10) 3.634 (18) 0.413 (6) 0.120 (2) —3.94 (17) 
McCallum dome’ 

0. 3 (8-3) 40.7632, —106.1717 Lakota 1.52 (4) 0.354 (7) 12.3 (2) 1.17 (2) =5.1 (3) 

0.5 40.7777, —106.2479 Lakota 1.04 (3) 0.409 (7) 15.5 (2) 2.71 3) =5.2 (1) 

0.13 40.7777, —106.2289 Lakota/ Morrison 0.89 (2) 0.393 (7) 18.8 (2) 4.36 (5) —5.3 (2) 

0.79 40.7777, —106.2670 Dakota/Lakota 1.77 (6) 0.406 (6) 9.16 (21) 2.53 (3) —5.7 (1) 
McElmo dome’ 

C-1 37.4155, —108.7713 Leadville 5.04 (11) 0.145 (2) 9.58 (8) 0.376 (4) —4.26 (10) 
HE-2 37.5052, —108.9094 Leadville 0.68 (15) 0.148 (1) 70.5 (7) 0.307 (30) —4,40 (10) 
YC-4 37.4529, —108.8583 Leadville 4.96 (11) 0.137 (3) 0.2 (10) 0.573 (6) =4A41 (10) 
SC-9 37.3934, —108.8733 Leadville S.ALF C1) 0.150 (3) 14.8 (14) 0.497 (5) —4.29 (10) 
YB-2 37.4472, —108.8075 Leadville 8.74 (20) 0.125 (1) 6.42 (61) 0.371 (4) —4,40 (10) 
YC-1 37.4529, —108.8583 Leadville 4.07 (9) 0.142 (2) 12.1 (12) 0.423 (5) —4,34 (10) 
HF-1 37.4871, —108.8807 Leadville 2.16 (6) 0.169 (1) 19.3 (26) 0.564 (12) —4,37 (10) 
HD-2 37.4572, —108.9008 Leadville 4.28 (10) 0.140 (3) 11.7 (12) 0.128 (2) —4,.38 (10) 
YA-2 37.4692, —108.7811 Leadville 3.39 (8) 0.138 (3) 5.0 (15) 0.130 (2) —4,42 (10) 
YE-1 37.4818, —108.8123 Leadville 4.16 (9) 0.173 (3) 9.75 (8) 0.143 (3) —4.45 (10) 
HA-1 37.5289, —108.8718 Leadville 4.56 (10) 0.139 (3) 0 (11) 0.205 (7) —4.66 (10) 
SC-10 37.3934, —108.8733 Leadville 4.37 (10) 0.139 (2) .6 (11) 0.413 (5) =427 (10) 
HC-2 37.4734, —108.8860 Leadville 4.68 (11) 0.140 (2) 0.7 (10) 0.409 (5) —4,38 (10) 
HB-1 37.5087, —108.8802 Leadville 4.74 (11) 0.148 (3) 9.94 (10) 0.247 (4) —4,49 (10) 
YD-1 37.4619, —108.8224 Leadville 8.50 (20) 0.145 (3) 5.68 (6) 0.366 (5) —4,46 (10) 
JM-Brown Basset field® 
Turk State No. 1A 30.38758, —101.85642 Ellenberger 5.92 (47) 0.543 (16) 1.25 (9) M —2.88 (3) 
Bassett Goode No. 3 30.37852, —101.83068 Ellenberger 5.55 (43) 0.527 (16) 1.42 (10) M —2.89 (3) 
Brown Bassett No. 2* 30.34433, —101.7995 Ellenberger 5.82 (35) 0.502 (15) 1.33 (7) M —2.90 (3) 
Mayme K. Martin ETAL 1 30.35661, —101.74721 Ellenberger 5.29 (40) 0.372 (11) 1.42 (10) —2.97 (3) 
Mitchell 109 No. 2* 30.33329, —101.69826 Ellenberger 4.58 (36) 0.400 (12) 1.53 (11) —2.92 (3) 
Mitchell 5 No. 1X 30.32352, —101.68429 Ellenberger 5.61 (43) 0.478 (11) 1.40(10) —2.84 (3) 
Mitchell 103 No. 2 30.3568, —101.63642 Ellenberger A.20 (33) 0.246 (7) 1.39 (10) —2.70 (3) 
Mitchell No. 6 30.351, —101.58835 Ellenberger 3.93 (31) 0.264 (8) 1.51 (11) N —2.96 (3) 
Mitchell No. 3 30.33966, —101.61307 Ellenberger 4.22 (33) 0.240 (7) 1.39 (10) N —3.06 (3) 
Mitchell A-11 No. 1 30.30286, —101.57677 Ellenberger 4.07 (32) 0.272 (8) 1.66 (12) N —2.93 (3) 
Mitchell No. 12 30.29118, —101.57295 Ellenberger 4.24 (130) 0.267 (8) 1.46 (10) N —2.96 (3) 
Sheep Mountain’ 

8-2-P 37.6383, —105.1836 Dakota 2.31 (5) 0.981 (10) 3.13 (3) 1.47 (2) —5.0 (2) 
2-10-O 37.6966, —105.2018 Entrada 2.44 (6) 0.984 (12) 2.96 (3) 3.04 (3) —5.2(1) 
9-26 37.6675, —105.1836 Dakota 2.57 (6) 0.934 (14) 2.95 (3) 0.613 (9) 

2-9-H 37.7112, —105.2200 Dakota 2.44 (6) 0.945 (19) 3.07 (3) 9.77 (10) 

3-15-B 37.6966, —105.2018 Dakota 2.61 (6) 0.937 (16) 2.90 (3) 1.54 (2) =5.7 (4) 
4-13 _ Dakota 217 (5) 0.942 (18) 3.47 (4) 1.11 @) 

4-26-E 37.6675, —105.1836 Entrada 2.20 (5) 1.024 (18) 3.15 (3) 0.442 (4) —4.8 (1) 
3-23-D 37.6820, —105.2018 Dakota 2.26 (5) 0.988 (14) 3.17 @) 0.579 (9) 

7-35-L 37.6383, —105.1836 Dakota 2.53 (6) 0.916 (14) 3.06 (3) 0.749 (12) —5.0 (2) 
2-35-C 37.6675, —105.1836 Dakota 2.57 (6) 0.963 (19) 2.87 (3) 0.573 (8) N 
1-15-C 37.6966, —105.2018 Entrada 2.71 (6) 0.967 (16) 2.71 (3) 6.77 (10) 

3-4-O 37.7112, —105.2200 Dakota 2.53 (6) 0.937 (14) 2.99 (3) 2.64 (3) =5.8 (3) 
4-14-M 37.6820, —105.2018 Dakota 2.65 (6) 0.892 (15) 3.00 (3) Lad) N 
5-15-O 37.6820, —105.2018 Dakota 2.30 (5) 1.056 (15) 2.92 (3) 4.33 (5) =5.0 (1) 
4-4-P 37.7112, —105.2200 Dakota 2.90 (7) 0.970 (14) 2.52 (2) 1.31 (2) 

5-9-A 37.7112, —105.2200 Dakota 2.39 (6) 1.006 (18) 2.94 (3) 1.28 (2) 

-1-J 37.6383, —105.1836 Dakota 3.61 (8) 0.908 (16) 2.16 (2) 0.878 (12) =5.2 (1) 
1-22-H 37.5946, —105.2018 Entrada 2.25 (5) 0.981 (17) 3.22 (3) 0.937 (13) =4,5 (2) 
St Johns dome’ 
22-1X 34.4265, —109.2664 Supai 0.098 (2) 0.455 (8) 134 (13) 34.4 (47) —3.65 (5) 
10-22 34.2437, —109.1645 Supai 1.91 (42) 0.394 (8) 9.42 (9) 2.30 (4) —3.79 (5) 
3-1 34.3771, —109.2563 Supai 0.22 3) 0.433 (9) 70.6 (7) 15.1 (21) —3.85 (5) 
Jilin field??777 
Wan 2 _— Cretaceous 1.44 (4) 4.91 (6) 1.00 (2) NM =3.6 
Wan 5 _ Cretaceous 227 (7) 4.10 (4) 0.0076 (2) 0.0547 (15) —5.0 
Wan 6 _ Cretaceous 8.32 (3) 4.99 (5) 0.169 (4) 0.230 (6) —3.8 
Wan 8 _— Cretaceous NM 4.30 (5) NM NM =32 


Table 1 is continued on page 616. 
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Field and well Location Producing CO2/*He 3He/*He 4He ?°Ne 8°C(CO2) 
formation (10°) (R/Ra) (10cm? (10° ° cm? (%0) 
(STP) cm *) (STP) cm *) 

Wan 9 _ Cretaceous 36.6 (10) 4.08 (4) 0.047 (1) 0.130 (3) —3.8 

Subei field**** 

Huanggian 1 — Permian 2.17 (7) 3.52 (5) 3.13:(3) 1.47 @2) —3.6 

Sutail 74 _ Devonian 0.493(14) 3.59 (4) 2.96 (3) 3.04 (3) —4.1 

Su203 _ Eocene 0.459 (13) 2.61 (3) 2.95 (3) 0.613 (9) 227 

Kismarja field®”° 
ismarja 8 _ Up. Pannonian 20.2 (5) 1.33 (3) 0.226 (7) M =5.0 
ismarja 79 — Up. Pannonian 15.5 (4) 1.38 (3) 0.310 (10) M =49 
ismarja 61 _— Up. Pannonian 27.3 (6) 1.16 (2) 0.205 (6) M =5.1 
ismarja 55 _ Up. Pannonian 13.3 (3) 1.38 (3) 0.360 (11) M =51 
ismarja 56 — Up. Pannonian 1090 (3) 1.16 (2) 0.0052 (2) M —6.8 
ismarja 74 _ Up. Pannonian 65.2 (2) 1.34 (3) 0.078 (3) M —6.4 

Kismarja 22 _ Up. Pannonian 1.52 (1) 1.02 (2) 1.31 (3) M —6.6 

Location is given as latitude and longitude in decimal degress, where north and east are positive and south and west are negative. The *He/*He ratio, R, is shown relative to the *He/*He ratio in air, Ra, 


which is taken to be 1.399 X 107°. 8°C%o = RCERC/ 2 Cesmpia —BC/Cotandara)/(°C/"Cetandara)] X 1,000; the standard used is the Vienna PeeDee Belemnite. Errors (1c) are shown in parentheses. 


NM, not measured. 
* Average of two analyses for He and Ar. 


CO,/*He must therefore be due to CO; loss in the subsurface by an 
amount directly proportional to the amount of formation water that 
has been degassed. CO, is soluble and reactive. The most probable 
mechanisms of subsurface CO, fluid phase removal are solubility 
and/or mineral trapping*”’. 

Reservoir lithology may exert a significant influence on how 
changes in CO,/ *He ratio relate to 8'°C(CO3;). The carbonate reser- 
voirs (the JMBB field and the McElmo and St Johns domes) show 
little variance in 8'°C(CO,), whereas the siliciclastic fields (the Jilin, 
Subei basin and Kismarja fields, Sheep Mountain, McCallum dome 
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Figure 1| CO2/*He variation plotted against 7°Ne from CO>-rich natural 
gas fields. a, There is a general trend in this data set of decreasing CO,/*He 
with increasing ?0Ne. b, ¢, This trend is most clear in the siliciclastic-case data 
set, from Bravo dome (b), but less clear in the data from the carbonate-case 
reservoir, McElmo dome (c). *He is conservative within the gas phase. Lower 
CO,/*He ratios therefore represent subsurface reduction in CO 
concentration in the emplaced CO, phase. Because the only subsurface 
source of the 7°Ne is the formation water, the CO, sink must be linked to the 
formation water contacted by the gas phase. STP indicates measurement at 
the International Union of Pure and Applied Chemistry (IUPAC) standard 
temperature (0 °C) and pressure (100 kPa). 
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and Bravo dome) exhibit a greater 8°C(CO,) range (Table 1 and 
Supplementary Fig. 1). We consider Bravo dome and McElmo dome 
as representative cases for each type of reservoir lithology. 
Emplacement of CO, at Bravo dome is believed to have occurred 
relatively recently (local volcanic activity dates from 8,000 to 10,000 
years ago)”'’, and the field may still be undergoing active CO, 
recharge!!. The decreasing CO,/*He ratio within Bravo dome corre- 
lates with more negative 5'°C(CO) (Fig. 3a). Taking the highest 
CO,/*He ratio, of 4.82 X 10’ (BD11), to be the sample that experienced 
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Figure 2 | CO2/*He in CO>-rich natural gas fields shows strong 


anticorrelation with “He. a, *He accumulates in formation water over 
time”’*'* and underscores the importance of formation water in controlling 
the mechanism of subsurface CO, removal (Fig. 1 and main text). We 
speculate that the formation-water “He signature with CO2/*He is more 
coherent than the equivalent 7°Ne signature (Fig. 1) owing to perturbation of 
?0Ne in ancient formation water through non-water phase interaction’, with 
subsequent “He accumulation providing a homogenous, regional-scale 
formation-water “He signal'*"®. Different CO,/*He-versus-*He gradients are 
due to different local formation-water *He accumulation rates. b, ¢, As in 
Fig. 1, but for *He. 
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Figure 3 | Plot of 5'°C(CO2) against CO2/*He for Bravo dome and McElmo 
dome. a, Bravo Dome. The solid line shows the predicted trend for 
carbonate mineral precipitation and the broken lines show CO2(g) 
dissolution trends for the indicated formation-water pH (see Methods 
Summary). This data limits the maximum effect of CO2 precipitation in 
samples to approximately 18%. b, McElmo Dome. Invariant 5'°C(CO,) with 
a change in CO,/*He of over an order of magnitude in McElmo dome gases 
cannot be accounted for by precipitation (solid line). Dissolution of 
reservoir CO, into formation water at pH 5.6 is consistent with observed 
results. Error bars are 1o. 


the least CO, loss, we calculate the coherent change in CO,/*He and 
5'°C(CO,) predicted for CO, dissolution into the formation water at 
various pH values and for CO) precipitation as a carbonate (Methods 
Summary). The data are not consistent with precipitation as carbonate 
being a major sink for CO, at Bravo dome (Fig. 3a). However, although 
a significant number of the data points are consistent with CO) dis- 
solution into formation water at a pH between 6 and 7, it is not possible 
to rule out a degree of CO, loss due to precipitation together with CO, 
dissolution at a lower pH (for example pH5). In such a two-process 
model, an upper limit of approximately 18% can be set on the pro- 
portion of CO, lost to precipitation (Fig. 3a). Hence, in all cases the 
major CO) sink is dissolution. 

In situ precipitation of 18% of reservoir CO, would generate 
between 3.2 and 6.1% by mass of the whole rock, depending on 
whether dolomite, calcite or dawsonite precipitation was favoured 
by the reservoir conditions. Although evidence for CO,-rich formation 
water interaction within the reservoir has been documented, so far no 
secondary carbonate has been identified'*. Nevertheless, the volume 
control of the water suggests that the location of the precipitate, if any, 
is likely to be within the water leg that was not sampled. Lack of 
reservoir secondary mineralization cannot at this stage rule out any 
carbonate precipitation as a minor CO, sink. 

Similar to the case for Bravo dome, although many of the Sheep 
Mountain data can be accounted for by dissolution of CO, (at pH 5 
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in this case), a small component of precipitation cannot be ruled out. 
Adopting the same approach as used for Bravo dome, we find that the 
remaining Sheep Mountain data require a maximum of 10% precipi- 
tation and 20% dissolution of the original CO, charge (Table 1 and 
Supplementary Fig. 2). By contrast, although minor data scatter may 
also be due to some small amount of CO; precipitation or dissolution 
at pH 7-8, almost all the data from the other siliciclastic fields 
(McCallum dome and the Subei basin, Kismarja and Jilin fields) 
can be described by dissolution into the formation water alone, 
within a narrow pH range of 5—5.3 (Supplementary Figs 3-6). 

Carbonate reservoir data from McElmo dome show a change in 
CO,/*He ratio of over an order of magnitude, with invariant 
83C(CO,) (Fig. 3b). This pattern is repeated in the two other 
carbonate-dominated fields (Supplementary Figs 7, 8). Invariant 
3'°C(CO,) in these fields allows us to discount a two-process model 
of precipitation and dissolution such as at Bravo dome (Fig. 3a). 
These data are consistent with CO, dissolution only into formation 
water in the pH range of 5.4—5.8 (Fig. 3b and Supplementary Figs 7, 
8), a value similar to the pH obtained for the siliciclastic reservoirs 
and to values observed (pH5.7) in carbonate-mineral-buffered 
formation water observed in the recent CO, injection studies on 
CO, breakthrough” in the Frio formation, Texas. 

On a reservoir-engineering timescale, the early stages of CO> injec- 
tion can result in a drop in pH and dissolution of carbonate minerals 
into the formation water'*”°”*. Any significant CO, contribution to 
the reservoir CO, phase from re-dissolution of carbonates would be 
°He free and would therefore perturb the correlation between 
CO,/*He ratio and “He and *°Ne. As there is a clear correlation 
between CO,/*He ratio and “He in all fields and 7°Ne within the 
majority, we conclude that dissolution of carbonate minerals into 
the formation water cannot have had a major influence on 
5'°C(CO,) values. There is no evidence for any precipitation of 
CO, within the carbonate-dominated reservoirs, requiring that the 
dominant mechanism of reservoir CO, loss, accounting for up to 
90%, is through dissolution into the formation water. 

Even the most conservative model we have presented places an 
upper limit of approximately 18% on the CO, removed by precipi- 
tation, and then only in some samples, from all natural gas fields 
investigated in a variety of lithological settings. Precipitation of 
CO, over millennial timescales represents at most only a small sub- 
surface trapping mechanism for CO:, and only within siliciclastic 
lithologies. The dominant mechanism of CO, loss from most CO, 
natural gas fields can be accounted for through simple dissolution 
into the formation groundwater within a narrow pH window 
(pH 5—-5.8). This study underscores the fact that understanding geo- 
logical carbon storage requires careful investigation of existing geo- 
logical and hydrogeological analogues that have naturally 
accumulated and stored CO, over timescales relevant to anthro- 
pogenic CO), storage facilities. We have also demonstrated a means 
of testing trapping and storage mechanisms through coupled mea- 
surements of noble gas and carbon isotopes in the context of the pH 
evolution of formation/reservoir water. 


METHODS SUMMARY 


Detailed descriptions of the sample collection and analysis procedures can be 
found in the original references*”*'*'**', In our calculations (Fig. 3 and 
Supplementary Figures) we use the highest CO3/*He ratio measured in each field 
as a reference point to calculate the correlated reservoir CO,/ >He and 8'°C(CO;) 
ratios as the CO phase is removed by either precipitation or dissolution. We 
assume open system loss. In the case of precipitation there is zero *He loss from 
the CO, phase and CO,/*He changes in proportion to the fraction of the remain- 
ing CO} phase. In the case of dissolution, the change in CO/*He ratio is calcu- 
lated following the Rayleigh equation. 

Changes in 8'°C(CO,) are calculated using the Rayleigh fractionation equation 
expressed as 8°C(CO3) = 8°C(CO;), + eln f (ref. 23), where 8'°C(CO), is the 
original system value, fis the fraction of CO; remaining in the reservoir and ¢ is the 
carbon isotope fractionation, either for precipitation or for dissolution. Carbon 
isotope fractionation factors, «, are calculated as a function of temperature for 
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CO,(g) precipitating to form CaCO;(s), or dissolving to form either HxCO3(aq) 
or HCO; (aq) (ref. 24). Because all the fractionations are small, the simplification 
can be made that ¢ = 1,000In « (ref. 25). For typical reservoir waters of pH 5-8, the 
contribution of CO,” (aq) is negligible. Hence, for CO, dissolution, carbon 
isotope fractionation between the pool of dissolved inorganic carbon (DIC) 
and CO, gas used in the Rayleigh fractionation equation can be expressed as 
(ref. 23) 


1B 1B 1B 
&~ Cpic—cox(g) = X(& ~~ Cx,c03 (aq) —COx(g)) + 1 — x)(é ~ Ctco,~ (aq) —Co2(g)) 


where xis the proportion of CO2(g) dissolving to HxCO3(aq) at the relevant pH”. 

Solubility as a function of temperature and salinity is given by the IUPAC 
solubility series for CO; (ref. 26) and in refs 27, 28 for He. The average well depth, 
reservoir pressure, temperature and salinity are presented in the Supplementary 
Information for each reservoir, with the corresponding Henry’s law constants 
Kye and Keo, and fractionation factor (1,000In«) for CO2(g) forming 
H,CO;(aq), HCO; (aq) and CaCO;(s) (Supplementary Table 1). 
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Petrological evidence for secular cooling in mantle 


plumes 


Claude Herzberg’ & Esteban Gazel’ 


Geological mapping and geochronological studies have shown much 
lower eruption rates for ocean island basalts (OIBs) in comparison 
with those of lavas from large igneous provinces (LIPs) such as 
oceanic plateaux and continental flood provinces'. However, a 
quantitative petrological comparison has never been made between 
mantle source temperature and the extent of melting for OIB and LIP 
sources. Here we show that the MgO and FeO contents of Galapagos- 
related lavas and their primary magmas have decreased since the 
Cretaceous period. From petrological modelling’, we infer that these 
changes reflect a cooling of the Galapagos mantle plume from a 
potential temperature of 1,560-1,620°C in the Cretaceous to 
1,500 °C at present. Iceland also exhibits secular cooling, in agree- 
ment with previous studies**. Our work provides quantitative 
petrological evidence that, in general, mantle plumes for LIPs with 
Palaeocene—Permian ages were hotter and melted more extensively 
than plumes of more modern ocean islands. We interpret this to 
reflect episodic flow from lower-mantle domains that are lithologi- 
cally and geochemically heterogeneous. 

Extensive outcrops of basalt, picrite, and sometimes komatiite 
~65—95 Myr old occupy portions of the Caribbean LIP (CLIP). It 
has been suggested* that they were produced by melting in the 
Galapagos mantle plume, and this is consistent with isotopic and 
geochemical similarities with lavas from the present-day Galapagos 
hotspot®. A Galapagos link for rocks in South American oceanic 
complexes is more controversial. Basalts, picrites, and komatiites 
from Gorgona Island, Columbia, were originally considered part of 
the CLIP’*. However, other studies” suggest Gorgona and other 
South American complexes were once part of a separate oceanic 
plateau related to Salas y Gomez Island, Chile, or some other hotspot 
(Supplementary Information). 

The lowest FeO contents are mostly found in lavas 0-13 Myr old 
from the present-day Galapagos archipelago and the Carnegie ridge 
and Cocos ridge hotspot tracks (Fig. la). FeO contents are highest for 
Gorgona komatiites and intermediate for all other lavas. When olivine 
is the sole crystallizing phase, lavas with higher FeO contents can be 
differentiated from peridotite-source primary magmas with higher 
FeO and MgO contents”*'®’ (Fig. 1a). A primary magma is a partial 
melt of the mantle formed, in most cases, by the mixing of small 
melt droplets that are separated from the remainder of the solid 
residue**"°"', Addition or subtraction of olivine from a primary 
magma will produce lavas having higher or lower MgO contents, 
respectively, with minor change in FeO content. We simulated this 
and reconstructed the primary magma compositions using the 
PRIMELT2 model of ref. 2 (Methods Summary). Our results are given 
in Supplementary Information and Fig. 1a. 

The MgO content ofa volatile-deficient primary magma is positively 
correlated with the temperature of the mantle**'*’. It provides a 
petrological record of mantle potential temperature, Tp, which is the 
temperature that the solid adiabatically convecting mantle would 


attain if it could reach the surface without melting’*. Using the rela- 
tionship Tp = 1,463 + 12.74MgO — 2,924/MgO (refs 2, 3; here MgO is 
measured in weight per cent and Tp is given in degrees Celsius), we can 
now readily calculate how hot the mantle had to be to yield the primary 
magma compositions given in Fig. 1a. Our results are shown in Figs 1b 
and 2. For the present-day Galapagos plume, Tp ranges from 1,400 to 
1,500 °C (ref. 2), similar to the Tp range of 1,440-1,500 °C recorded for 
lavas from the Cocos and Carnegie ridges. Older lavas were hotter. 
Those from the CLIP and accreted tracks with ages of 65-95 Myr have 
a Tp range of 1,500 to 1,560 °C, and up to 1,620°C if Gorgona lavas 
were part of the CLIP. This is petrological evidence for secular cooling 
of the Galapagos plume. 

The MgO content of an accumulated fractional melt does not 
change substantially as melt fraction increases during decompres- 
sion®*"', The adiabatic temperature—pressure melting path is 
approximately coincident with the olivine liquidus, which can be 
calculated using To, = 935 + 33MgO — 0.37(MgO)* + 54P—2P, 
where To; and MgO are measured as above and pressure, P, is measured 
in gigapascals~''. Using final melting pressures and the MgO contents of 
primary magmas in this equation (Fig. 1a), a synthetic adiabatic melting 
path can be obtained (Fig. 1b). The majority of lavas from the present- 
day Galapagos plume formed in a column where melting ended at 
>2 GPa, and this pressure is highly variable. Melting ended at much 
lower pressures for lavas from the Cocos and Carnegie ridges, consistent 
with the channelling of the Galapagos plume to locations of thinner 
lithosphere. Low pressures of final melting are also inferred for many 
older CLIP lavas, indicating the possible involvement of thin litho- 
sphere associated with ocean ridges. 

We now provide petrological evidence for secular cooling in other 
areas. Results given in Supplementary Information and Fig. 2 illus- 
trate that LIPs dating from the Palaeocene epoch and earlier were 
formed by mantle sources that were generally hotter than present-day 
ocean islands. However, there are several important exceptions. First, 
Hawaii is the ocean island that is most similar to a LIP, in that it has a 
maximum Tp of 1,600°C. It is only surpassed by rocks from the 
North Atlantic igneous province, the Deccan Traps and the CLIP if 
we include Gorgona. Second, Tp for the Central Atlantic magmatic 
province (CAMP) is notably different from all other LIPs in being 
cool (Fig. 2). The Tp excess of ~100 °C for the CAMP is consistent 
with model temperatures" that can arise from an internally heated 
mantle capped by Pangaea'*'>. This is evidence indicating that con- 
tinental insulation is not capable of the producing LIPs with the 
much higher values of Tp (Fig. 2). 

Noteworthy is the wide range of primary magma compositions 
and inferred mantle potential temperatures for each LIP and ocean 
island occurrence (Fig. 2). These ranges have been interpreted as 
originating from a hotspot, a spatially localized source of heat and 
magmatism restricted in time*. Primary magmas are tapped from 
both the hot axis and the cool periphery of the plume as illustrated 
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Figure 1| Compositions and inferred temperature-pressure conditions of 
melting for Galapagos-related magmatism. a, FeO and MgO contents of 
lavas and calculated primary magmas from the present-day Galapagos 
hotspot, the Cocos and Carnegie ridges, old accreted Galapagos tracks and 
the CLIP. Lavas from Gorgona are plotted separately because is not clear 
whether they were part of the CLIP”* or some other oceanic complex’. Lines 
of filled circles identify liquid compositions that result from olivine addition 
to (+) and subtraction from (—) specific lava compositions. Primary magma 
compositions were computed using PRIMELT2’. Primary magmas of fertile 
peridotite KR-4003 are plotted within the grey-coloured area’. The 
intersection of a red line (initial melting pressure) and a blue line (final 
melting pressure) identifies the composition of an accumulated fractional 
melt at the pressure of initial and final melting. Individual lavas and their 
sources from which primary magmas are calculated are identified in 
Supplementary Table 1. Pressure is indicated in gigapascals by the circled 
crosses, as shown. L, liquid; Ol, olivine. b, Inferred temperatures and 
pressures at which fractional melting terminated (Methods). Red lines, 
adiabatic melting paths'’. Gorgona komatiites probably formed from a more 
depleted peridotite source’, and solutions are not provided. 


in Fig. 3. The Tp maximum of 1,500 °C for Galapagos is characteristic 
of the plume axis. The lower end of the Galapagos range approaches 
1,350 + 50 °C, a Tp value for ambient mantle*'®'*"” necessary for the 
production of MORB with 10-13 wt% MgO. What is particularly 
relevant for our purposes is that there is a decrease in Tp maxima 
from 1,560—1620 °C for rocks 65-95 Myr old to 1,500 °C at present 
(Fig. 2). The exact form of the secular cooling curve depends on 
whether the Gorgona komatiites were produced by the Galapagos 
plume or another (Supplementary Information). 

Melt fractions computed from PRIMELT2 are generally higher for 
LIPs than for ocean islands (Fig. 4), consistent with suggestions of 
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Figure 2 | Mantle potential temperatures inferred for lavas from some LIPs 
and ocean islands. Tp has been computed from primary magma MgO 
content using PRIMELT2’. Data sources and calculated Tp values for ocean 
islands and LIPS are given in Supplementary Information. CLIP results are 
for rocks with ages =65 Myr, and include old accreted Galapagos tracks. 
Gorgona data is shown separately using grey crosses. Galapagos results are 
from lavas within the archipelago. OJP, primary magmas for lavas from the 
Ontong Java plateau; NA, primary magmas for Palaeocene lavas from the 
North Atlantic igneous province found in East and West Greenland; CAMP, 
primary magmas for the Central Atlantic magmatic province; MORB, mid- 
ocean-ridge basalt; EPR, East Pacific Rise. 


higher eruption rates’. The high melt fractions, high mantle potential 
temperatures and vast areas of magmatism associated with the largest 
LIPs are all consistent with formation in mantle plume heads' (but 
note the possible CAMP exception). By contrast with LIPs, many 
ocean islands display melt fractions that must be lower than ~0.05 
(Fig. 4b). These are often readily characterized by very low SiO3, high 
CaO and high lithophile trace-element abundances in OIBs owing to 
low-degree melting of carbonated peridotite”'*. Low-melt-fraction, 
CO -rich OIBs are abundant in the Azores, the Canary Islands, Cape 
Verde, the Cook—Austral chain, the Marquesas Islands, the Pitcairn— 
Gambier chain, St Helena, Samoa and the Society Islands, and many 
other ocean islands (see, for example, the Geochemistry of Rocks of 
the Oceans and Continents database (http://georoc.mpch-mainz. 
gwdg.de/georoc/) and Supplementary Information). Even more of 
this OIB-type melt is likely to metasomatize the mantle rather than 
erupt. The melt-fraction frequency spectrum for OIB in Fig. 4b is 


Figure 3 | A generic model for interpreting the spatial localization of 
petrological variability. The model provides an interpretation of primary 
magmas with highly variable compositions, inferred mantle potential 
temperatures and melt fractions. This is the mantle plume model in which 
hot primary magmas originate from the axis and cooler primary magmas 
originate from the periphery. The colour bar indicates mantle potential 
temperature. 
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Figure 4 | Melt fractions inferred for lavas for some LIPs and ocean islands. 
Melt fractions have been computed using PRIMELT2’, and refer to the total 
melt fraction with respect to source mass for accumulated fractional melting 
of fertile peridotite. a, LIPs. Data sources for model primary magmas for 
LIPS are given in Supplementary Information. b, OIB. Solid blue bars 
indicate primary magma solutions from ocean islands (see ref. 2 and 
Supplementary Information). The hatched region indicates an abundance of 
OIB melted from volatile-enriched sources at very low melt fractions; these 
are generally more abundant than volatile-deficient lavas, and cannot be 
modelled with PRIMELT2 (see fig. 11 in ref. 2). Frequency is the number of 
primary magma solutions. 


therefore likely to be exponential in form. Results for these OIB 
occurrences are interpreted as the transport of low-melt-fraction 
magmas from the cool plume peripheries and high-melt-fraction 
magmas from the hotter plume axes (Fig. 3). However, it has been 
proposed that low-melt-fraction OIB can also form without a plume 
by volatile-induced melting of ambient mantle and transport 
through lithospheric fractures’’. This suggestion is fully consistent 
with experiments'’® and PRIMELT2’ modelling. Both plume and 
non-plume origins are indicated for ocean islands. 

A very high cooling rate is inferred for the Icelandic plume. Most 
Palaeocene lavas with ~60-Myr pre-breakup ages” from East and 
West Greenland have Tp maxima of ~1,550—1,570 °C, similar to the 
CLIP, and crystallized from primary magmas with 18-20 wt% MgO. 
Our model primary magmas are in excellent agreement with many 
previous estimates**''?', although we obtained Tp values as high as 
1,650 °C (Fig. 2). A spread of ~200 °C in Tp and melt fractions in the 
range 0.05—0.37 have been recorded in East Greenland lavas 
(Supplementary Information) from a restricted area close to the 
Tertiary Icelandic hotspot track’’. These ranges are an expected con- 
sequence of the tapping of primary magmas from a mantle plume 
(Fig. 3). A Tp value as low as 1,460 °C has been obtained from lavas 
with ~55-Myr syn-breakup ages from the seaward-dipping reflector 
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sequence, similar to present-day Iceland**** (Fig. 2). Our work 
indicates that Tp decreased from the range 1,550-1,650°C to 
1,460 °C in about 5 Myr, in agreement with estimates in ref. 4. The 
Tp value for the Icelandic plume appears unchanged at about 1,460 °C 
from 55 Myr ago to the present, and is now in a comparatively steady 
state. The early rapid secular cooling of the Icelandic plume is much 
greater than that seen for the Galapagos, although more work is 
needed to fill the gap in the Galapagos data (Supplementary 
Information). We also acknowledge that an Icelandic plume cooling 
curve is compromised by an absence of data from the Greenland— 
Iceland and Iceland—Faeroes ridges with ~ 15-50-Myr ages. 

Our work provides petrological evidence that mantle plumes for 
LIPs with Palaeocene—Permian ages were hotter and melted more 
extensively than plumes of more modern ocean islands. One inter- 
pretation is that LIPs melted from large plume heads and OIBs melted 
from thin plume conduits’, and cooling is more effective in the latter. 
Indeed, there is now an important literature on lithosphere and asthe- 
nosphere cooling of mantle plumes****. However, this explanation fails 
to explain why hot LIPs such as those in Fig. 2 are not erupting today. 

Numerical and laboratory simulations show that mantle flow can 
be episodic where there are thermal and compositional components 
to buoyancy”. Mantle plumes with these characteristics might 
originate in lower-mantle domains where shear-wave velocities 
are low and bulk density is intrinsically high**”’. Subduction can 
contribute to high silica content”’, and iron content that is both high*” 
and low in these domains (Methods), and mixing may yield hetero- 
geneities on a range of length scales. Plumes may randomly sample this 
complexity, or lighter components may preferentially separate from 
more dense lithologies that stay behind. Although progress is being 
made on identifying peridotite and subducted crustal source litholo- 
gies from the compositions of lavas, inferring iron content is a much 
more difficult problem (Methods). Nevertheless, we are optimistic 
that integrated petrological and deep-mantle studies can provide a 
better picture of the birth—life-death cycle of mantle plumes. 


METHODS SUMMARY 


Primary magma compositions, mantle potential temperatures and source melt frac- 
tions were calculated from primitive whole-rock compositions using PRIMELT2 
spreadsheet software’. A detailed discussion of the method is given elsewhere”. 
The algorithm calculates the primary magma composition for a primitive lava by 
determining the variable amounts of olivine that were added or subtracted. 

PRIMELT2 was calibrated on the basis of experiments on fertile peridotite 
with 8 wt% FeO, and all calculated primary magma compositions were assumed 
to have been derived by fractional melting. For each primary magma, it provided 
the olivine liquidus temperature, To,, at 1 atm and the mantle potential tem- 
perature, Tp. As both To, and Tp depend on the MgO content of the primary 
magma’, the accuracy of the former is a guide to the precision of the latter. For 
any specific peridotite composition, the uncertainty in To, is #31 °C at the 20 
confidence level’. Uncertainties in the FeO content of peridotite can propagate to 
an uncertainty of +50—70 °C in Tp (Methods). Uncertainties in all other major 
elements for fertile peridotite do not propagate to significant variations in melt 
fraction and mantle potential temperature®''. Melting of depleted peridotite 
propagates to calculated melt fractions that are too high, but with a negligible 
error in mantle potential temperature”. 

We used PRIMELT2 to identify magmas generated from pyroxenite sources, 
and excluded them. Magmas that have been degassed from CO;-rich sources 
were identified and similarly excluded. Fe,xO3 content was calculated using 
Fe,03/TiO2 = 0.5, a reduced mode, on the basis of MORB-like FeO enrichment 
for most LIPs*. Lavas that had experienced plagioclase and/or clinopyroxene 
fractionation were excluded from this analysis. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


We assumed that all OIB and LIP lavas melted from peridotite with 8.0 wt% FeO, 
which is the average for natural fertile and depleted peridotite occurrences''. We 
acknowledge, however, that mantle plume sources might differ if they originated 
in chemically unusual lower-mantle domains where shear-wave velocities are 
low and density is intrinsically high**. These domains may contain subducted 
oceanic crustal rocks of Archaean and Proterozoic ages, which are iron-rich 
picrites*' and which might have reacted with host peridotite to produce a variety 
of iron-rich peridotite and pyroxenite lithologies as inferred from seismic and 
geodynamic data*®**. Iron-rich crust would have left behind complementary 
iron-poor peridotite residues with FeO contents <8.0% (ref. 31); that which 
did not construct cratonic lithospheric mantle*' could have been subducted to 
yield lower-mantle domains that are low in FeO. There is likely to be substantial 
heterogeneity in iron on a scale that is too fine to be resolved using seismic data. 

Progress has been made on identifying peridotite and pyroxenite source lithol- 
ogies from the compositions of lavas*’**, and this is encoded in PRIMELT2’. 
However, inferring the iron content of a source from a lava composition is a 
much more difficult problem. If some OIB and LIPs melted from iron-rich 
peridotite with 9 wt% FeO, for example, model primary magmas will be too 
high in MgO*"’, and the mantle potential temperatures summarized in Fig. 2 
will be 50-70 °C too high. This is strictly an artefact of the computational method 
for primary magma calculation, and is not to be confused with higher mantle 
potential temperatures that are needed to make iron-rich mantle buoyant. 
Greater iron enrichment is not likely, as it would propagate to lava SiO contents 
that are lower than observed, on the basis of experimental results of Kushiro”. 
For iron-poor peridotite with 7 wt% FeO, potential temperatures will be too low 
by about 70 °C. There is little else we can do at present other than acknowledge 
the potential importance of iron variability in lower-mantle plume sources*””’. 

We have assumed that primary magmas are formed by accumulated fractional 
melting**!°''. The initial melting pressure, P,, and final melting pressure, P,, are 
indicated in Fig. la by the red and blue lines, respectively. These have been 
calculated by forward simulations of fractional melting of fertile peridotite''”'. 
The final melting pressure is useful because it permits the construction of a 
synthetic temperature—pressure adiabatic melting path (Fig. 1b). The final melt- 
ing pressure can be inferred by simply plotting FeO content and MgO content for 
a PRIMELT2 primary magma in Fig. la and interpolating using the blue lines. 
Alternatively, the final melting pressure can be calculated using the following 
equations. For primary magmas with <15 wt% MgO 
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Pip =a+bFeO + c(FeO)” 


Here FeO is the weight per cent of iron in the primary magma and 4g, b, and care 
variables that depend on the MgO content of the primary magma: 


a= —196.4+2.942Mg0 + 430/MgO 
b=17.7—0.444MgO + 228/MgO 


c=2.2 —0.047MgO —42.78/MgO 
For primary magmas with 15% > MgO < 20%, the appropriate pressure to use is 
Py = Pip — 10.96 +. 0.67MgO 


The difference between calculated P; values and those indicated in Fig. 1a by the 
blue lines is 0.28 GPa (20). Complex changes in phase equilibria will probably 
restrict pressure inferences for other OIB and LIP primary magmas to 
MgO < 20% and P;< 3.5 GPa, similar to those for Galapagos and CLIP primary 
magmas. 

Initial melting for garnet peridotite in the 2.7 GPa< P; <7 GPa range can be 
inferred by simply plotting FeO content and MgO content for a PRIMELT2 
primary magma in Fig. 1a and interpolation using the red lines. Alternatively, 
they can be calculated from PRIMELT2 solutions for primary magma MgO 
contents using the equation 


P; =11.248MgO — 13,700(1/MgO)* —8.13(In MgO)? 


where the difference between calculated P; values and those indicated in Fig. la 
by the red lines is 0.20 GPa (20). 
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Initial community evenness favours functionality 


under selective stress 


Lieven Wittebolle'*, Massimo Marzorati'*, Lieven Clement’, Annalisa Balloi*, Daniele Daffonchio*, Kim Heylen’, 


Paul De Vos, Willy Verstraete’ & Nico Boon’ 


Owing to the present global biodiversity crisis, the biodiversity— 
stability relationship and the effect of biodiversity on ecosystem 
functioning have become major topics in ecology’. Biodiversity 
is a complex term that includes taxonomic, functional, spatial 
and temporal aspects of organismic diversity, with species richness 
(the number of species) and evenness (the relative abundance of 
species) considered among the most important measures**. With 
few exceptions (see, for example, ref. 6), the majority of studies of 
biodiversity-functioning and biodiversity—stability theory have 
predominantly examined richness”''. Here we show, using micro- 
bial microcosms, that initial community evenness is a key factor in 
preserving the functional stability of an ecosystem. Using experi- 
mental manipulations of both richness and initial evenness in 
microcosms with denitrifying bacterial communities, we found that 
the stability of the net ecosystem denitrification in the face of 
salinity stress was strongly influenced by the initial evenness of 
the community. Therefore, when communities are highly uneven, 
or there is extreme dominance by one or a few species, their func- 
tioning is less resistant to environmental stress. Further unravelling 
how evenness influences ecosystem processes in natural and 
humanized environments constitutes a major future conceptual 
challenge. 

Several components of biodiversity, such as species and functional 
group richness, have been shown to influence ecosystem function and 
stability significantly>'’. Species evenness has similarly been shown to 
influence community dynamics’® and be an important element in 
managing invasions and production in managed ecosystems'*”°. 
However, the influence of species evenness on the stability of ecosystem 
functioning remains unknown. Theoretically, evenness could strongly 
influence the stability of ecosystem functioning. For example, in a 
community where species are functionally redundant (that is, most 
contribute to the ecosystem function of interest), if initial evenness is 
high then the probability that a species tolerant to a perturbation is 
present is higher than when evenness is low. When evenness is low, 
meaning that the community is dominated by one or a few species, 
resistance to the perturbation will only occur if the dominant species 
are tolerant to the perturbation. 

To test the relationship between initial community evenness and 
functionality, we used microcosm tests with denitrifying bacterial 
model communities. These are tools well suited to addressing eco- 
logical questions, as they can be maintained under simplified and 
defined conditions'”"’. In addition, denitrifier models are good for 
investigating the value of microbial biodiversity in ecosystem function- 
ing, owing to the wide range of physiological properties in this func- 
tional group of bacteria”®. Different levels of initial evenness were 
assembled by, in each mixture, using eighteen different denitrifying 


species from four different phyla (Supplementary Table 3). We 
acknowledge that the degree of evenness will probably change during 
the course of the experiment. However, our hypothesis aims to test the 
response of the initial community evenness and how this translates 
itself into functional stability, regardless of any further shifts in com- 
munity structure. A total of 1,260 microcosms, all with the same rich- 
ness, were set up, incubated for 20h under three distinct conditions 
(no stress, low temperature and salt stress), and related to the stability 
of the net ecosystem denitrification as a measure of the ecosystem 
functionality. All selected denitrifying species had similar activity 
response ranges, in order that all could contribute to ecosystem pro- 
ductivity. They represented an average range of richness broad enough 
to ensure good functionality’. Varying evenness without changing 
richness decreases the confounding of diversity by species identity”. 
Lorenz curves were used to assess initial community evenness 
visually. The Gini coefficient (ranging from zero to one) is a single 
value that describes a specific degree of evenness (Supplementary 
Fig. 3), measuring the normalized area between a given Lorenz curve 
and the perfect evenness line. The higher the Gini coefficient, the more 
uneven a community is. Lorenz curves of all 1,260 microcosms 
showed that almost the entire evenness range was sampled (Fig. 1). 
The net ecosystem denitrification of the investigated microbial 
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Figure 1| Lorenz curves used in the experiment. The curves span the entire 
region between perfect evenness and high dominance. 
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Table 1| Linear models estimating the effects of various factors on the denitrification functionality 
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Step Model Residual d.f. Residual SS Treatment d.f. Treatment SS AIC 

0 Intercept A439 29.06 — _— —1,529.90 

1 O+P+R+C4+B+4+!] 398 21.43 Al 7.63 —1,886.15 

2 ee S 396 13.44 2 7.99 —2,554.30 

3 2+ S:P 388 10.25 8 3.19 —2,928.20 

4 34S: ,352 7.96 36 2.29 —3,325.30 

5 4+ G6? + S:G? 349 7.14 3 0.82 —3,370.40 

6 54+ B5 347 6.65 2 0.49 —3,469.80 

7 6+S:R 303 6.46 14 0.19 —3,484.20 

8 TSC 311 6.24 22 0.22 —3,489.40 

9 84+X4+S:X 308 6.23 3 0.01 —3,485.60 
The linear models describe the effects of stress, S, identity of the dominant species, |, Gini coefficient, G, and the relative abundance of the dominant species, X, on the functionality. The models also 
allow corrections for experiment effects, P, row effects, R, column effects, C, and the negative controls, B. Interactions are indicated using colons. At each step (1-9), terms were added to the model. 
The residual degrees of freedom (d.f.) and sum of squares (SS) are given. The treatment degrees of freedom and sum of squares only apply to the term that was added to the model. The Akaike 


information criterion?° (AIC) was calculated for each model; a lower AIC indicates an improved model. 


communities was expressed by the difference between the nitrite con- 
centration of the negative controls and the residual nitrite of each 
microcosm after incubation. Linear models were used to assess the 
effects of the stress, S, the Gini coefficient, G, the relative abundance of 
the dominant species, X, and that of their interactions on ecosystem 
functionality. Both G and X are shape parameters describing a 
particular Lorenz curve. In addition to the factors considered above, 
several confounding factors could be present. Potential row, R, 
column, C, and experiment, P, effects due to the multiwell analysis 
process, negative controls, B, and the identity of the dominant species, 
I, were taken into account to allow a correct estimation of the model 
parameters being studied. Model selection was performed using a 
series of linear models in which each of the effects and interactions 
were entered sequentially (Table 1). After including the confounding 
factors, terms that resulted in the largest decrease of the AIC were 
added to the model. On the basis of the AIC, model 8 was selected 
(coefficient of multiple correlation, R? = 78.5%). A residual analysis 
showed that the model fit was adequate (Supplementary Fig. 4). 
From an ecological perspective, the assessment of stress, the iden- 
tity of the dominant species and the shape parameters Gand X are of 
great importance. There was a very significant effect on ecological 
functioning due to stress (chi-squared test, P< 0.001) and the latter’s 
interactions with other variables (chi-squared test, P<0.001). 
Hence, the type of stress had a strong impact on the functionality 
and on the contribution of the other variables in the model. 
Moreover, there was a very significant interaction between the iden- 
tity of the dominant species and the stress. Chi-squared tests indi- 
cated that dominant species identity had no effect in the control 
environment (P = 0.22) or in the temperature-stressed environment 
(P = 0.10). The parameter estimates and tests (Supplementary Fig. 5) 
both showed that temperature had a negative impact on function- 
ality. By contrast, the identity of the dominant species was shown to 
be significant (chi-squared test, P< 0.01) in the case of salt stress. 


This type of stress can therefore be considered selective, that is, one 
that disfavours some species but favours others (Supplementary 
Fig. 5). It should be noted that the functionality of none of the species 
was completely inhibited by temperature or salt stress (Supple- 
mentary Fig. 5). 

The effect of the initial evenness on functionality and functional 
stability was modelled as a quadratic effect of the Gini coefficient 
(Fig. 2). The Gini coefficient was seen to have a very significant effect 
in both the control case and the salt-stress case (P< 0.001 for both 
tests). Both graphs (Figs 2a, c) show that functionality decreased with 
increasing initial unevenness and that this effect was more pro- 
nounced in the case of salt stress (P< 0.001). However, the adverse 
effect of initial unevenness can be partly overcome when the most 
dominant species is stress resistant, as illustrated by the interactions 
between the identity of the dominant species and salt stress. With 
regard to temperature, the degree of initial evenness had no signifi- 
cant effect, as growth was limited at low temperatures. Thus, in this 
situation, low temperature can be considered a severe, non-selective 
stress condition. 

The type of stress had a distinct effect on the stress-buffering 
capability of a community (Fig. 3). A stress that disfavours all species 
to nearly the same extent decreases the functionality of the community 
regardless of its initial evenness. However, the degree of evenness is a 
key feature in cases of selective stress, which are the most frequent 
situations in nature*”’”’. We found that, on average, initial community 
unevenness decreases the functional stability when selective stress is 
applied. Nevertheless, exceptions occur, such as when the dominant 
species of an uneven community is favoured by the stress. Notably, 
increased initial community unevenness also lowered the functionality 
of unstressed communities, albeit not to the same extent as under 
selective stress. 

Past practical and theoretical constraints have limited the ability to 
relate patterns of microbial evenness with the processes that determine 
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Figure 2 | Contribution of increasing initial unevenness (Gini coefficient) 
to the functionality of the ecosystem (that is, net denitrification after 20h 
of incubation). a, No stress (n = 420); b, temperature stress (nm = 420); ¢, salt 
stress (n = 420). This contribution to ecosystem function represents the 
effect of the Gini coefficient on the functionality corrected for row, column, 
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experiment, negative control and main effect for stress. Partial residuals 
(contribution of the Gini coefficient plus residual) are indicated by open 
circles. They illustrate the extent of uncertainty that could not be explained 
by the model. 
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Figure 3 | Microbial functionality in relation to the initial evenness, for 
different types of stresses. The selective stressor NaCl has a much more 
negative impact on the functionality of the unevenly distributed microbial 
community. 


these patterns. Nevertheless, recent studies have indicated that bac- 
terial diversity may follow regular patterns, and that in some cases 
these patterns may be qualitatively similar to those observed for plants 
and animals”. Decreases in evenness (for example as a response to 
environmental changes) may have an indirect lowering effect on plant 
productivity’. Sparsely vegetated sites resulted in significantly lower 
evenness in bird communities”. Even in the field of palaeontology, it 
has already been postulated that the onset of less favourable environ- 
mental conditions is indicated by lower species evenness in arthropod 
and sponge communities”. 

Biodiversity protects ecosystems against declines in their function- 
ality and allows for adaptation to changing conditions, because the 
coexistence of many species provides a greater guarantee that some will 
back up a given function when others fail'®’®. Within the frame of this 
‘insurance hypothesis”®, two aspects are important: (1) functional 
redundancy, in the sense of there being multiple species for each 
functional group*””*, and (2) the relative abundances among these 
redundant species. At lower levels of species richness, the functionality 
of the ecosystem decreases’. In this research, all communities had the 
same degree of richness; hence, the importance of evenness for func- 
tional stability was isolated. Our results demonstrate that a community 
must have an even distribution among its functional redundant mem- 
bers if it is to respond rapidly to selective stress. In fact, when an 
ecosystem function in a highly uneven community depends strongly 
on the dominant species, the functional stability is endangered by 
environmental fluctuations’. Even under non-stressed conditions, 
high initial evenness is desirable for good functionality. Moreover, 
natural and anthropogenic activities influence the relative abundances 
more than the richness of species, and this has important consequences 
for ecosystems long before a species is threatened by extinction®®*'. In 
conclusion, the existence of a highly diverse community, where 
redundant species may offer equivalent contributions to a specific 
function, may lead to higher functional stability during environmental 
fluctuations’. This implies that changes in community evenness 
should warrant increased attention in biodiversity surveys. 


METHODS SUMMARY 

Laboratory methods. The scheme of the experimental set-up is provided in 
Supplementary Fig. 1. A total of 18 denitrifying species were isolated from nature 
(Supplementary Table 3). Denitrifiers were classified by fatty-acid methyl ester 
analysis and 16S ribosomal RNA gene sequencing. The different operational 
taxonomic units were discriminated by repetitive extragenic palindromic PCR 
DNA fingerprinting. By analogy with ref. 7, we considered our operational 
taxonomic units as ‘species’. Microcosms were obtained by mixing all 18 strains 
in different abundances. Nitrite was added to the mixtures that were incubated 
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for 20h without or with (temperature or salt) stress. The net ecosystem denit- 
rification was estimated by the nitrite removal, which was measured spectro- 
photometrically (Sunrise, Tecan) as the difference of the absorbance at 540 nm 
before and after Montgomery reaction”. 

Experimental design and statistical analysis. Eighty-four different levels of 
initial evenness were possible, corresponding to a unique combination of Gini 
coefficient and X, the relative abundance of the dominant species, and each 
referred to as a design point (Supplementary Fig. 2). For the first experiments, 
each of the 84 design points was used twice. This resulted in 168 different 
microcosms that were placed on the multiwell plates in duplo. Additionally, 42 
combinations of X and G were chosen according to an experimental design 
procedure to enable an optimal estimation of the linear and quadratic effects. 
The corresponding microcosms were placed in duplo on the multiwell plates. 
Model selection was performed using a series of linear models. Each of the 
variables and their interactions were entered sequentially and the models were 
compared on the basis of the AIC. The parameters of the mean model were 
estimated by ordinary least-squares methods. Following a residual analysis, the 
White estimator” was used to provide valid statistical inference in the presence 
of residuals with unequal variances (Supplementary Fig. 4). 
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A micro-architecture for binocular disparity and 
ocular dominance in visual cortex 


Prakash Kara’ & Jamie D. Boyd! 


In invertebrate predators such as the praying mantis and vertebrate 
predators such as wild cats the ability to detect small differences in 
inter-ocular retinal disparities is a critical means for accurately 
determining the depth of moving objects suchas prey'. Inmammals, 
the first neurons along the visual pathway that encode binocular 
disparities are found in the visual cortex. However, a precise func- 
tional architecture for binocular disparity has never been demon- 
strated in any species, and coarse maps for disparity have been 
found in only one primate species**. Moreover, the dominant 
approach for assaying the developmental plasticity of binocular 
cortical neurons used monocular tests of ocular dominance to infer 
binocular function*. The few studies that examined the relationship 
between ocular dominance and binocular disparity of individual 
cells used single-unit recordings and have provided conflicting 
results regarding whether ocular dominance can predict the selecti- 
vity or sensitivity to binocular disparity~°. We used two-photon 
calcium imaging to sample the response to monocular and binocu- 
lar visual stimuli from nearly every adjacent neuron in a small 
region of the cat visual cortex, area 18. Here we show that local 
circuits for ocular dominance always have smooth and graded tran- 
sitions from one apparently monocular functional domain to an 
adjacent binocular region. Most unexpectedly, we discovered a 
new map in the cat visual cortex that had a precise functional 
micro-architecture for binocular disparity selectivity. At the level 
of single cells, ocular dominance was unrelated to binocular dis- 
parity selectivity or sensitivity. When the local maps for ocular 
dominance and binocular disparity both had measurable gradients 
at a given cortical site, the two gradient directions were orthogonal 
to each other. Together, these results indicate that, from the 
perspective of the spiking activity of individual neurons, ocular 
dominance cannot predict binocular disparity tuning. However, 
the precise local arrangement of ocular dominance and binocular 
disparity maps provide new clues regarding how monocular and 
binocular depth cues may be combined and decoded. 

Binocular vision and depth discrimination evolved more than 100 
million years ago'®. In mammals, the first single-cell description of a 
binocular disparity detector in the brain was made in the cerebral 
cortex of the cat approximately 40 years ago'’. Numerous single-unit 
studies followed in both cats and macaque monkeys, with pivotal 
electrophysiological and theoretical characterizations of the encoding 
of binocular disparity in the visual cortex, for example, position versus 
phase disparities and energy models'*””. In visual cortical neurons of 
mammals with frontally placed eyes, comparing the responses elicited 
by alternately stimulating each eye demonstrates the presence of a full 
range of ocular dominance, from completely contralateral to binocular 
to completely ipsilateral cells. A neuron tuned for binocular disparity, 
by definition, must receive visual input from both eyes. Therefore, it 
is reasonable to suppose that only binocular and not monocular 
cells would show robust disparity selectivity. A relationship is also 


suggested by misaligning the two eyes during the critical period of 
postnatal development. The misalignment leads to a loss of visual 
cortical neurons that can be driven through either eye’® (that is, neu- 
rons lose their ocular dominance and become ocular exclusive— 
monocular). The misalignment also leads to stereo blindness'’. 
Although ocular dominance is among the premier models of postnatal 
developmental plasticity’, testing the input from each eye indepen- 
dently fails to show the suppressive effects or the summation of sub- 
threshold inputs that can code for disparity in ‘monocular’ cortical 
cells'®. Indeed, from single-unit electrophysiological studies, no con- 
sensus could be reached on the relationship between ocular dominance 
and binocular disparity>”. 

By assaying binocular disparity and ocular dominance for nearly 
every neuron in a local volume of cat visual cortex using calcium 
imaging, we examined whether there is an orderly representation of 
binocular disparity and ocular dominance, and whether these two 
features were inter-related at the level of single cells and the local map 
structure. Our calcium indicator loading protocol typically labelled 
several hundred adjacent cortical layer 2/3 neurons in a spherical 
region (diameter 300-600 pm). Two-photon calcium imaging then 
permitted the simultaneous measurement of the visual responses of 
100-150 neurons within a single optical cross-section parallel to the 
cortical surface. All 300 X 300 um imaged sites were iso-orientation 
and iso-direction selective (Supplementary Figs la—c and 5b). 
Because we had to perform a battery of tests for ocular dominance, 
disparity, orientation, direction, spatial frequency and retinotopy, we 
did not probe disparity at orientation pinwheel sites. For our ocular 
dominance and binocular disparity measurements, we interleaved 
monocular and binocular drifting sine grating visual stimuli (see 
Fig. 1a). The two monocular stimuli and eight inter-ocular spatial 
phase disparity stimuli were always presented at the orientation and 
direction optimal for the imaged site (see Supplementary Figs la—c 
and 5b). Twelve cats were used in this study. In the first three animals, 
only ocular dominance was assessed (1 = 857 cells) to determine the 
long-term stability of monocular responses over time (Supple- 
mentary Fig. 1d, e). In seven subsequent animals, monocular stimuli 
were always interleaved with binocular disparity stimuli (1 = 2,028 
cells). In two additional animals, imaging with simultaneous electro- 
physiological controls was performed (Supplementary Fig. 2). 

With calcium imaging, individual visual cortical neurons showed 
robust and highly reproducible trial-by-trial responses to monocular 
stimuli and binocular disparity stimuli. Figure 1b shows the time 
course of the calcium indicator fluorescence signal evoked by visual 
stimulation for five simultaneously recorded cells from a single ani- 
mal. Cell 1 had near equal responses to either monocular visual 
stimulus, robust responses to five of the eight presented disparity 
stimuli, and a clear suppression of visual responses to at least three 
binocular disparity stimuli (45°, 90° and 135° inter-ocular spatial 
phase disparities). Cell 3 responded almost exclusively to stimulation 
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Figure 1| Single-cell responses and functional maps from two 
experiments. a, Monocular and binocular stimuli used to obtain maps for 
ocular dominance and binocular disparity, respectively. Arrows pointing in the 
same direction denote that the grating stimuli presented to each eye always 
moved in the same direction during monocular and binocular viewing 
conditions. b, Time courses for five cells (numbered 1—5) from the site shown 
in c. Three trials are superimposed for each cell. Responses are shown for 
stimulation to the right eye (R), left eye (L) and then eight inter-ocular spatial 
phase binocular disparities in 45° steps. ¢, Calcium indicator loading in cells 
201 jum below the pia. d, Cell-based binocular disparity map. Only cells 
significantly tuned for disparity are coloured: 119 out of 140 cells, P< 0.05, 
ANOVA across eight disparities. e, Cell-based ocular dominance map. f, Ocular 
dominance histogram. g—k, Data from a second animal for which monocular 
stimuli evoked responses primarily from the ipsilateral eye, but 114 of 124 cells 
were selectivity tuned for binocular disparity. The preferred orientation for 
cells at both cortical sites was 45° from vertical. Scale bars, 100 um. 


of the left eye when probed with monocular visual stimuli, but 
showed a profound modulation to binocular disparity stimulation 
with a peak response at 135° inter-ocular spatial phase disparity. Cell 
4 had weak responses to monocular stimuli but again displayed 
potent modulation to specific phases of binocular disparity stimuli. 
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Cell 5 was narrowly tuned to respond to a binocular spatial phase 
disparity of 0°. 

The diversity of disparity tuning across neighbouring cells from a 
single 300 X 300 um imaged site (for example, Fig. 1b) might imply the 
lack of a locally organized map for disparity. However, the cell-based 
disparity map (Fig. 1d) showed a smooth progression of preferred 
disparity phase from the bottom to the top of the imaged site. Only 
cells significantly tuned (selective) for binocular disparity phase were 
colour-coded in Fig. 1d and all subsequent cell-based disparity maps. 
For the data shown in Fig. 1d, of the 140 cells identified, 96% were 
significantly responsive to disparity stimuli (P< 0.05, analysis of vari- 
ance (ANOVA) across blank and eight disparity periods) and 85% 
were tuned to binocular disparity (P<0.05, ANOVA across eight 
disparity periods). In all colour-coded disparity phase maps, 0° 
preferred phase did not necessarily correspond to 0° absolute disparity. 
As demonstrated in previous studies in anaesthetized cats and 
monkeys'*~’, varying relative spatial phase disparity with sine gratings 
provides robust indices of disparity selectivity and sensitivity (also see 
Supplementary Discussion). The map for ocular dominance (Fig. le) 
from the same site as shown in Fig. 1d was relatively pure with virtually 
all cells being binocular with a slight contralateral bias, as confirmed in 
the ocular dominance histogram (Fig. 1f). Data from another cat are 
shown in Fig. 1g—k. The responses from five individual cells to mono- 
cular stimuli and binocular disparity stimuli were once again very 
robust (Fig. 1g). However, at this site monocular stimulation evoked 
responses almost exclusively from one eye (ipsilateral). Nevertheless, 
binocular disparity stimuli evoked significant and selective modu- 
lation of responses. The disparity map corresponding to this second 
site also showed a smooth transition of preferred disparity across the 
imaged area (Fig. li). As expected from the time courses shown in 
Fig. 1g, the ocular dominance map and histogram showed a strong bias 
to ipsilateral eye stimulation (Fig. 1j, k). 

The two experiments described in Fig. 1 each have regions with a 
very narrow range of ocular dominance preferences. The fact that a 
strong map for disparity phase is present under both conditions 
indicates that disparity phase may be insensitive to ocular domi- 
nance. In sixteen 300 X 300 um imaged areas from eleven calcium 
indicator dye injection sites in seven animals, not a single site showed 
a significant correlation between the cells’ preferred disparity phase 
and their ocular dominance (R = 0.001 to 0.181; P = 0.07 to 0.99 per 
imaged area). The monocularity index’, which ignores the sign of 
ocular dominance (ipsi versus contra) and quantifies only the 
strength of eye dominance, also did not yield a significant correlation 
with the cells’ preferred disparity phase (R = 0.001 to 0.204; P = 0.06 
to 0.99 per imaged area). 

The independence of preferred disparity phase from ocular domi- 
nance at the level of single cells is best demonstrated when an indi- 
vidual 300 X 300 um imaged site contained cells that had the full 
range of ocular dominance indices (Fig. 2). From qualitative obser- 
vation of the cell-based maps for preferred disparity phase and ocular 
dominance (Fig. 2a, b), they appeared to be orthogonally oriented. 
We quantified the relative gradient direction of these maps by first 
smoothing the raw pixel maps for preferred disparity and ocular 
dominance (Fig. 2d, e). Smooth pixel maps were also derived from 
cell-based maps (see Methods) and produced almost identical 
results. The relative gradient direction of the ocular dominance 
and disparity maps was even more apparent when the disparity 
and ocular dominance maps were overlaid as contour plots 
(Fig. 2f). The relative gradient direction of the two maps was quan- 
tified by calculating the pixel-by-pixel difference in gradient dir- 
ection for the two maps (Fig. 2g, Supplementary Figs 3 and 4, and 
Methods). A histogram of the distribution of the gradient direction 
difference for the two maps shows a clear peak near 90°, confirming 
that the maps were near perfectly orthogonal (also see 
Supplementary Fig. 3). From the fitted curve (red, Fig. 2g), we first 
calculated the ratio of the peak to the baseline (VMratio, see 
Methods). 
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Figure 2 | Orthogonal maps for binocular disparity and ocular dominance 
when gradients were evident in both maps. a, b, Disparity and ocular 
dominance cell-based maps from a single imaged site 204 jum below the pia. 
c, Ocular dominance histogram shows that the complete range of ocular 
dominance indices (0-1) are represented at this site. The preferred 
orientation for cells at this site was vertical. d, e, Smoothed disparity (d) and 
ocular dominance (e) pixel-based maps used in the calculation for the 
difference in gradient direction for the two maps (g). To avoid artefacts, 
edges (52 um on each side) were excluded from the analysis (also see 


For each imaged site, a VMratio > 3 was considered to represent a 
significant interaction of the two maps (n = 8 out of 16 imaged areas, 
each 300 X 300 jim, showed significant interaction). The other eight 
imaged areas had no significant interaction (VMratio < 2). The lack of 
map interaction was further confirmed by randomizing the pixels in 
one of the two maps and showing that the gradient direction difference 
histograms still had a VMratio of less than 2. In the imaged areas 
(300 X 300 ttm) where VMratio was less than 2, the gradient direction 
difference histograms from randomized versus non-randomized maps 
were statistically indistinguishable (P = 0.404 to 0.867, Z=0.16 to 
0.83, sign test). Thus, if the VMratio was less than 2, no interaction 
can be determined between two maps. Several examples of imaged sites 
that had either significant or no interaction are shown in 
Supplementary Fig. 4. The VMratio was correlated with the ocular 
dominance variance of cells (7 cells) per imaged site (R= 0.65; 
P<0.01; n= 16 imaged areas). Thus, significant interaction of the 
disparity phase and ocular dominance maps was more likely when 
the full range of ocular dominance was represented at a given site 
(for example, Fig. 2) compared to when a narrow range of ocular 
dominance was represented per site (for example, both cases in 
Fig. 1). We define ‘orthogonality’ as an angle difference in the range 
between 45° and 135°. For the eight 300 < 300 jm imaged areas that 
showed a significant ocular dominance versus disparity phase gradient 
interaction, the peak relative direction of the two gradients had a 
median angle of 85° with 25% and 75% quartile ranges falling within 
66—-99° (Fig. 2h, peak calculated from red curve fitted to histogram). 
Additional statistics on map interaction, for example, median scalar 
product, are given in the Supplementary Discussion. 

Having shown that preferred binocular disparity phase is not related 
to ocular dominance at the level of single cells, we tested the possibility 


0 \ 
Imaged sites with significant 
map interaction (VMratio > 3) 


Supplementary Fig. 9). f, Overlay of smoothed disparity and ocular 
dominance maps, each represented as contour plots (red for disparity, blue 
for ocular dominance), is indicative of orthogonality. g, Histogram of 
gradient direction difference for all pixels in the two maps show a peak 
centred near 90°. Red trace shows curve fitted to the histogram, peak at 88°, 
confirming orthogonality. h, Range of orthogonality for 8 out of 16 imaged 
areas (300 X 300 um each) that had significant interaction. Bold horizontal 
line represents the median, boxes the 25% and 75% quartiles, and whiskers 
the 1% and 99% quantiles. Scale bar, 100 tum. 


that ocular dominance might predict the sensitivity to binocular 
disparity. From qualitative observations, sites dominated by responses 
to monocular stimulation of either eye and sites responsive to mono- 
cular stimulation of only one eye appear to be just as likely to show 
robust disparity tuning. In the three imaged sites shown in Figs 1 and 2, 
80-99% of cells were responsive and 80-92% of cells were selective for 
binocular disparity. Across all experiments in seven animals, 75% 
(1,512 out of 2,028) of cells were responsive to disparity stimuli. Of 
these visually responsive cells, 73% (1,097 out of 1,512) were tuned for 
binocular disparity. Thus, some individual 300 < 300 tum imaged sites 
only had ~30% of cells tuned for disparity. Furthermore, only 5% ofall 
cells (101 out of 2,028) were truly monocular, that is, responsive to 
stimulation of one eye and not significantly responsive to disparity 
stimulation. To determine explicitly whether ocular dominance influ- 
enced the sensitivity to binocular disparity stimuli across our entire 
sample, we only considered cells that were significantly responsive to 
binocular disparity and monocular stimuli (1 = 1,119 cells). Disparity 
sensitivity is reflected in the entire tuning curve for disparity, including 
facilitation and suppression relative to the mean response (Fig. 3a). We 
established that the ratio of the amplitude of a sine-fitted tuning curve 
for disparity to the mean response (F1/FO) was a reliable index of 
disparity sensitivity (Supplementary Fig. 6) and found that disparity 
sensitivity and ocular dominance were uncorrelated (Fig. 3b, R = 0.041, 
P=0.170). F1/FO was larger in sites where a significant map interaction 
between disparity and ocular dominance was measured (VMratio > 3), 
compared to sites where no map interaction was detected (VMratio < 2), 
that is, F1/FO = 0.653 + 0.011 versus 0.485 + 0.009, P< 0.00001, #test). 
However, an Fl/FO of ~0.5 still represents very potent modulation. 
Binocular disparity maps from a single injection site were stable 
over protracted time periods, up to the 12-h maximum time we 
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Figure 3 | Relationship between disparity sensitivity and the response to 
monocular stimuli. a, Disparity tuning curve for three cells. Data are shown 
in red, mean = s.e.m., for the eight disparities presented. Sine fits are shown 
in black. The ratio of the amplitude of the sine fit to the measured mean 
response of the data (F1/FO) is a reliable measure of sensitivity to disparity 
(see Supplementary Fig. 6). b, Disparity sensitivity was uncorrelated with 
ocular dominance (R = 0.041, P = 0.170, n = 1,119 cells). Dashed lines are 
95% confidence limits for the linear regression and the ellipse is the 95% 
prediction interval. 


recorded from some sites (Fig. 4). The smoothness of the transition 
from one disparity domain to the next can best be appreciated from 
pixel maps (bottom row in Fig. 4). In these pixel maps, cell boundaries 
were ignored; the hue of each pixel was determined by the best dis- 
parity; and the brightness of each pixel was determined by the mag- 
nitude of the response vector. Such pixel maps therefore represent the 
combined response from cell bodies and surrounding neuropil”. The 
preferred disparity at all three depths changed systematically from the 
bottom right to the top left of each area and the mean disparity 
gradient was indistinguishable for the three depths (Fig. 4). 

The trial-by-trial stability of responses reflected in the time course 
of fluorescence changes to disparity stimuli, the stable monocular 
retinotopy measurements (Supplementary Fig. 5) and the stability 
of the disparity maps over 12h of recording indicate that we had no 
artefacts from eye movements or drift in our anaesthetized and paral- 
ysed animals. Small spatial frequency gradients were occasionally 
present in our imaged sites. However, they were orthogonal to the 
binocular disparity gradient (Supplementary Fig. 3). Imaging and 
electrophysiological controls indicated that changes in calcium fluor- 
escence were not saturating and matched the spiking activity in indi- 
vidual cells (Supplementary Fig. 2). Additional analytical controls 
confirmed that any potential response onset transients did not con- 
found our disparity tuning measurements at the level of single cells 
and the overall map structure (Supplementary Fig. 7). 

Because we simultaneously recorded from at least 100 cells for each 
given site in cortical layer 2/3 with no sampling bias, it is unlikely that 
we missed an otherwise true correlation between ocular dominance 
and preferred binocular disparity phase or binocular disparity sensi- 
tivity. Perhaps a correlation between ocular dominance and binocu- 
lar disparity will be found for simple cells in the primary recipient 
zone of thalamic input (cortical layer 4). However, complex cells in 
cat layer 2/3 are more ideally suited for disparity detection than 
simple cells*’, and most of our cells in layer 2/3 were binocular when 
probed with disparity stimuli. 
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Figure 4 | Stable functional micro-architecture for binocular disparity. 
Anatomical images 300 X 300 [um (top row), cell-based disparity phase maps 
(middle row) and pixel-based disparity phase maps (bottom row) obtained 
at three depths (164, 184 and 204 um) from a single site. Each data set was 
collected 60-90 min apart. The disparity gradient (degrees per |im) was 
similar for all three maps (mean + s.d. = 0.518 + 0.154; 0.585 + 0.137; 
0.514 + 0.103). The preferred orientation for cells at this site was vertical. An 
additional data set from this site was collected nearly 12 h after the first (see 
Supplementary Fig. 3). Scale bar, 100 um. 


The existence of a map for binocular disparity in area 18 of the cat 
visual cortex revealed with two-photon calcium imaging indicates that 
disparity maps may be more common across species with frontally 
placed eyes than previously thought. Individual iso-disparity domains 
in macaque extra-striate areas V2 and MT can be relatively large (750- 
1,500 ptm), resulting in readily detectable maps for disparity with micro- 
electrode or intrinsic imaging techniques*’. For ocular dominance 
maps, we did not observe fractures (or jumps) in the map from 
ispilateral- to contralateral-eye-dominated regions in any circum- 
stances. Transitions from binocular to apparently ‘monocular’ ocular 
dominance domains were always smooth. This indicates that the appar- 
ently weaker map structure for ocular dominance seen with conven- 
tional optical imaging methods” does not result from local mixing of 
neurons that have different ocular dominance indices. 

The most comprehensive single-unit study so far in primate V1 did 
show independence between binocular disparity and ocular domi- 
nance at the level of single cells’. However, our two-photon calcium 
imaging experiments crystallize the exact relationship in the cat 
visual cortex by showing that the independence of disparity and 
ocular dominance at the level of single cells does not arise from a 
local salt-and-pepper arrangement of maps for either disparity or 
ocular dominance. From a developmental standpoint, a map for 
ocular dominance may initially reflect residual imbalances in the 
density of inputs from each eye”. However, a smooth map for ocular 
dominance may serve as a scaffold for the formation of disparity 
maps. Neurons embedded in local cortical regions where preferred 
disparity is organized in a map may be more sensitive to binocular 
disparity compared to adjacent regions that are less well organized, as 
is evident in primate MT (ref. 2). A potential computational advant- 
age of the relationship between disparity and ocular dominance maps 
for binocular visual processing is that a wide range of disparity 
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encoding is maintained independent of local changes in ocular domi- 
nance. Locally organized ocular dominance and binocular disparity 
maps might optimize the processing of multiple depth cues by maxi- 
mizing the coverage of binocular disparity and occlusion cues from 
surfaces located at different depths for which the ‘eye of origin’ needs 
to be known’*. Cortical neurons tuned to this combination of 
features respond vigorously to monocular stimulation of one eye 
only but still show modest disparity tuning, for example, see cells 
18, 58, 66, 71, 86, 95 and 106 in Supplementary Fig. 6b. Future studies 
could determine whether locally organized maps for ocular domi- 
nance and disparity have a role in speeding up the decoding (or 
readout) of these combined cues by other visual cortical areas. 
Although local orthogonality is an emergent property when multiple 
overlapping functional maps are simulated in the general class of self- 
organizing or dimension reduction models*””’, it remains to be 
determined whether ocular dominance and disparity maps conform 
to various predictions made from such models. 


METHODS SUMMARY 


Cats (postnatal days 36-49) were anaesthetized with isoflurane (1-2% in sur- 
gery, 0.5-1.0% during imaging)” and paralysed with vecuronium bromide”. A 
craniotomy was performed over area 18 of the visual cortex, the dura reflected, 
and the underlying cortex covered with agarose. Movement of the brain from 
respiratory and heart-beat pulsations were negligible (Supplementary Fig. 8). 
The cell-permeant calcium indicator Oregon Green 488 Bapta-1 AM (1 mM) 
was prepared”? and co-loaded with 40 uM Alexa Fluor 594 into a glass patch 
pipette (2.5 jzm diameter tip). Under continuous visual guidance, the pipette tip 
was advanced 200-250 tm below the cortical surface and the indicators were 
then pressure-ejected (5-10 psi). This particular method of loading produces 
minimal staining of glial cells (see ref. 22) but it is possible that some of the 
stained cells in the present study were not neuronal. Fluorescence was monitored 
with a custom-built microscope (Prairie Technologies) coupled with a Mai Tai 
XF (Newport Spectra-Physics) mode-locked Ti:sapphire laser (850nm or 
920 nm). Drifting sine-wave gratings (2 Hz, 50% contrast) were presented on a 
CRT (100 Hz refresh rate) in a variety of configurations for orientation, direction 
of motion, spatial frequency, ocularity (left or right eye, for ocular dominance), 
and eight inter-ocular spatial phase disparities (0°, 45°, 90°, 135°, 180°, 225°, 
270°, 315°). For ocular dominance and binocular disparity assays, animals 
viewed the monoptic and dichoptic visual stimuli through ultra-fast ferroelectric 
liquid crystal shutters (7 kHz switching time, 1,000:1 extinction contrast ratio, 
DisplayTech). Each stimulus period (8 s) was preceded by an equal blank period, 
repeated 3-8 times. Coarse retinotopic positions of monocular receptive fields 
were determined by using 5° wide flashing bars of light or strips of gratings at ten 
retinotopic positions. Two-photon images were analysed in Matlab 
(Mathworks), see Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Images were analysed using customized Matlab (Mathworks) software. Cells 
were identified through a series of morphological filters that defined the con- 
tours of cell bodies based on intensity, size and shape’. Time courses of indi- 
vidual cells were extracted by calculating mean pixel values within cell 
contours”. Visually responsive cells were defined by ANOVA across blank and 
n test visual stimuli (P< 0.05). Cells selective for particular stimuli were defined 
by ANOVA across n stimulus periods (P< 0.05). 

Ocular dominance (OD) was derived from the responses to monocular stimu- 
lation and defined as: 


Ripsi 
(Ripsi + Reontra) 
where Rip, is the response to ipsilateral eye stimulation and Reontra is the response 
to contralateral eye stimulation. 


Sensitivity to binocular disparity (F1/FO) was derived by vector averaging as 
follows: 


OD= 


ny. 
i 
Vavg = > — 
Z n 

i=1 


where V; is a vector with direction equal to disparity phase, length equal to the 
corresponding cell’s response amplitude, and n is the total number of disparity 
phases. 

The average amplitude of the response to disparity stimulation was defined as: 


n Vi 
Age SOMA 
a1 
and then FO and FI were calculated as: 
FO= Aavg 
F1=2|Vave| 


The direction of Vayg provided the phase of the best response to disparity stimu- 
lation. 

Because of the low trial-by-trial variability of our data coupled with the use of 
sinusoidal grating visual stimuli, Fl/FO was a reliable index of sensitivity to 
disparity, as confirmed with Monte-Carlo-derived estimates of standard devi- 
ation of fit parameters and coefficients of determination (R’). 

Each time we calculated an analytical fit of experimental data we conducted 
Monte Carlo simulations (128 trials) to estimate the error of these analytical fits. 
For each Monte Carlo trial, we randomly modified values assuming they had 
Gaussian distributions with standard error as calculated from the analysis of the 
experimental data. Analytical fits were done for each simulated data set and the 
mean was calculated for all Monte Carlo trials. In all cases, the Monte-Carlo- 
derived means were nearly identical to the original data fit and we used the 
Monte-Carlo-derived standard deviations as error estimates of the fitting proce- 
dure. If cells passed the experimental alpha criteria for disparity selectivity 
(P<0.05, ANOVA), then the mean F1/FO was at least twice larger than the 
standard deviation derived from the Monte Carlo simulations (Supplementary 
Fig. 6c). For monocular retinotopy experiments, the Monte-Carlo-derived 
standard deviations were used to determine which experiments had retinotopic 
measures that were sufficiently reliable to use as an index of vergence state (see 
Supplementary Discussion). 

To quantify the relative gradient direction of two maps, for example, disparity 
phase and ocular dominance, we first calculated the pixel-by-pixel gradient of 
smoothed pixel maps (compare to cell-based maps, below). We used a built-in 
Matlab function where the gradient (VF) of a function of two variables F(x,y) 
was defined as: 


nature 


OF oF 
VF=—X+—Y 
ox oy 


To capture the global relationship between the two maps that have cellular struc- 
ture, it was necessary to smooth the maps with a filter that is larger than the 
distance between two cells. Thus, each map was first lowpass Gaussian filtered 
with a standard deviation of 50 pixels (30 jum for 300 X 300 um imaged regions). 
To remove small filtering artefacts present at edges (see Supplementary Fig. 9), 
borders around each map were excluded (52 um on each side of 300 X 300 um 
imaged regions; 105 jum on each side of 600 X 600 [1m imaged regions). 

For ocular dominance maps, the Gaussian filter was applied directly to pixel 
values of the ocular dominance map. Because disparity is a circular variable, an 
alternative smoothing procedure was used for the disparity phase map. First, two 
separate component maps (sine and cosine) were generated from the disparity angle 
map. Each component map was smoothed by the Gaussian filter. Next, each of the 
two smoothed component maps was combined back toa single disparity angle map. 

To conduct an equivalent gradient analysis on cell-based maps, we first trans- 
formed cell-based maps to pixel maps as follows: we derived a value for each pixel 
Px, by interpolating corresponding values from all cells surrounding each pixel. 
The interpolation was a weighted mean, where each weight was calculated as a 
Gaussian function of the distance to each cell: 


tena Peet W (Xcett Yell X.Y) 
ena W(Xeetts¥cell>*s¥) 


where P,,,, is the new pixel value (disparity phase, ocular dominance) at each xy 
coordinate in the map; P..y is the corresponding cell-based value (disparity 
phase, ocular dominance); and W is the Gaussian function. 

To maintain consistency with the Gaussian lowpass filter we used to smooth 
raw pixel maps; the standard deviation of the Gaussian function for the pixel maps 
used here was 50 pixels, which corresponds to 30 jim (for 300 X 300 [tm imaged 
areas). Once pixel maps were generated from cell-based maps, the procedures for 
smoothing were identical as described earlier for raw pixel-based maps. 

The gradient direction difference for two maps was calculated using the built- 
in Matlab function VF, as described previously. Because we were only interested 
in the relative direction of two simultaneously recorded maps—for example, 
disparity phase and ocular dominance—the gradient direction difference was 
collapsed to a 0-180° range (Fig. 2g). Each histogram was 36 bins in length and 
each bin represented 5 degrees. 

To quantify the gradient direction difference distribution, we conducted two 
independent analyses of these histograms. First, using a least-squares method, we 
fit a von Mises function to the histogram: 


Pry 


G=Anin+ Ai exp{ Ar (cos [ (Deir —Ddiro) aol - 1) \ 


where A,, in Is the value of the smallest bin in the distribution, Ddir is the gradient 
direction difference, and A;, A) and Ddirp are fitting parameters. 
The ratio of the maximum to the minimum of the fitted function (VMratio) 
was the first metric we used to quantify strength of the interaction of the two maps: 
: Gina 
VMratio = —* 
min 
The second metric of the gradient direction difference histogram was calculated as 
the ratio of the number of pixels in 9 bins around the peak bin (max bin + 4) to the 
total number of analysed pixels: 


Nmmax +4 
Nmax —4 * *% 


Bin ratio= ——=3—_ 
1 Nn 
where N,, is the value of bin number n. 
Pooling data from all imaged sites, these two measures of the strength of the 
map interaction were correlated (R= 0.89; P< 0.00001). 
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Decoding reveals the contents of visual working 
memory in early visual areas 


Stephenie A. Harrison’ & Frank Tong' 


Visual working memory provides an essential link between 
perception and higher cognitive functions, allowing for the active 
maintenance of information about stimuli no longer in view'”. 
Research suggests that sustained activity in higher-order prefron- 
tal, parietal, inferotemporal and lateral occipital areas supports 
visual maintenance*"', and may account for the limited capacity 
of working memory to hold up to 3-4 items’"'’. Because higher- 
order areas lack the visual selectivity of early sensory areas, it has 
remained unclear how observers can remember specific visual 
features, such as the precise orientation of a grating, with minimal 
decay in performance over delays of many seconds’*. One proposal 
is that sensory areas serve to maintain fine-tuned feature informa- 
tion’, but early visual areas show little to no sustained activity 
over prolonged delays'*'*. Here we show that orientations held in 
working memory can be decoded from activity patterns in the 
human visual cortex, even when overall levels of activity are low. 
Using functional magnetic resonance imaging and pattern 
classification methods, we found that activity patterns in visual 
areas V1—-V4 could predict which of two oriented gratings was held 
in memory with mean accuracy levels upwards of 80%, even in 
participants whose activity fell to baseline levels after a prolonged 
delay. These orientation-selective activity patterns were sustained 
throughout the delay period, evident in individual visual areas, 
and similar to the responses evoked by unattended, task-irrelevant 
gratings. Our results demonstrate that early visual areas can retain 
specific information about visual features held in working 
memory, over periods of many seconds when no physical stimulus 
is present. 

To investigate the role of early visual areas in working memory, we 
used functional magnetic resonance imaging (fMRI) to monitor cortical 
activity while participants performed a delayed orientation discrimina- 
tion task. During each trial, observers maintained fixation while two 
sample orientation gratings (~25° and ~ 115°) were briefly presented in 
randomized order, followed by a numerical cue indicating whether to 
remember the first or second grating (Fig. la). After an 11-s retention 
interval, a test grating was presented, and participants indicated which 
way it was rotated relative to the cued grating (+3° or + 6°). This 
experimental design allowed us to isolate memory-specific activity. 
By presenting the same two gratings on every trial, we ensured that 
stimulus-driven activity could not predict the orientation held in 
working memory. It was also critical that the memory cue appeared 
after the presentation of the gratings and not beforehand. Otherwise, 
subjects could attend more to the appearance of the cued grating, which 
would enhance orientation-selective responses to that stimulus’”. 

Behavioural data confirmed that observers could discriminate 
small differences in orientation between the cued grating and the test 
grating. Observers showed equally good performance when the first 
or second grating had to be remembered (75% and 73% correct, 
respectively, T(5) = 1.24, P= 0.27). 
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Figure 1| Design of working memory experiment and resulting time course 
of fMRI activity. a, Timing of events for an example working memory trial. 
Two near-orthogonal gratings (25° + 3°, 115° + 3°) were briefly presented 
in randomized order, followed by a numerical cue (green ‘1’ or red ‘2’) 
indicating which grating to remember. After an 11-s retention period, a test 
grating was presented, and subjects reported whether it was rotated 
clockwise or anticlockwise relative to the cued grating. b, The time course of 
mean BOLD activity (n = 6) in corresponding regions of areas V1-V4 
during the working memory task (0-16 s) and subsequent fixation period 
(16-32 s). Error bars indicate + s.e.m. Time points 6-10 s (shaded grey area) 
were averaged for subsequent decoding analysis of delay-period activity. The 
start of this time window was chosen to allow for peak BOLD activity to fully 
emerge; we selected a conservative end point of 10s to exclude any potential 
activity elicited by the test grating. 
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We used fMRI decoding methods to determine whether activity in 
early visual areas might reflect the contents of working memory (see 
Methods and Supplementary Methods). Although orientation selec- 
tivity primarily resides at fine spatial scales in the visual cortex, we have 
previously shown that pattern classification methods can successfully 
recover orientation information from cortical activity sampled 
at coarser resolutions using f{MRI'’. Here we investigated whether 
activity patterns during the delay period might predict which of the 
two orientations was held in working memory. For each trial, we 
calculated the average response of individual voxels over time points 
6-10s (Fig. 1b, grey region), selecting voxels from regions corres- 
ponding to 1-4° eccentricity in areas V1 to V4. The activity patterns 
observed on each trial served as input to a linear classifier with the cued 
orientation indicating the corresponding label. Classification accu- 
racy was determined using cross-validation methods. 

Ensemble activity pooled from areas V1—V4 was highly predictive of 
the orientation held in working memory, with prediction accuracy 
reaching 83% (Fig. 2, green curve). Decoding accuracy greatly 
exceeded chance-level performance of 50% (T(5) = 18.2, P< 10°), 
and proved highly reliable in each of the six participants (performance 
exceeding 58.75%, P< 0.05, binomial test). Notably, decoding was 
just as effective when the first grating was cued instead of the second 
(82.1% versus 83.6%, respectively, T(5) = 1.0, P= 0.36), indicating 
that this orientation information in the visual cortex was robust to 
potential interference from a subsequent item. Such robustness to 
interference has previously been found only in the prefrontal cortex’. 
Individual visual areas showed similar levels of orientation decoding 
performance (F(3,15)=1.71, P=0.21) ranging from 71-74% 
accuracy, with every participant showing above-chance decoding in 
each area. This indicates that maintaining an orientation in working 
memory is associated with widespread changes in orientation- 
selective activity throughout the early visual system, including V1, 
the first stage of orientation processing. 

How do these orientation-selective responses for remembered 
gratings compare with stimulus-driven activity elicited by direct view- 
ing of actual gratings? In a second experiment, participants had 
to identify letters presented rapidly at fixation while ignoring 
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Figure 2 | Orientation decoding results for areas V1-V4. The accuracy of 
orientation decoding for remembered gratings in the working memory 
experiment (green circles), unattended presentations of low-contrast 
gratings (red triangles), and generalization performance across the two 
experiments (black squares). Error bars indicate + s.e.m. Decoding was 
applied to the 120 most visually responsive voxels in each of V1, V2, V3 and 
V3A-V4 (480 voxels for V1-V4 pooled), as determined by their responses to 
a localizer stimulus (1—4° eccentricity). Individual areas V3A and V4 showed 
similar decoding performance but had fewer available voxels, so these 
regions were combined. 
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low-contrast oriented gratings (25° or 115°) flashing in the surround. 
Although the gratings were quite faint and task-irrelevant, they 
nonetheless evoked strong orientation-selective responses in early 
visual areas (Fig. 2, red curve). Activity in individual areas, V1, V2 
and V3, was highly predictive of the orientation of the unattended 
gratings. Performance was considerably worse for WV3A—V4 
(F(3,15) = 20.4, P<10~*), presumably because activity in higher 
extrastriate areas is more dependent on visual attention'®. Next, we 
evaluated the similarity of orientation-selective activity patterns in the 
two experiments by training the classifier on one data set and testing it 
on the other. Generalization performance for activity pooled across 
V1-V4 was below the performance found in the working memory 
experiment (Fig. 2, black curve), but was still significantly above 
chance (T(5) = 6.0, P< 0.005). Generalization was also better in V1 
and V2 than in higher areas (F(3,15) = 4.5, P< 0.05), perhaps because 
these early areas exhibit stronger orientation-selective responses 
under stimulus-driven conditions’’. Successful generalization across 
the two experiments is notable given how they differed in both stimu- 
lus and task. It seems that retaining an orientation in working memory 
recruits many of the same orientation-selective subpopulations as 
those that are activated under stimulus-driven conditions. 

Further analyses confirmed that successful orientation decoding 
could not be explained by global differences in response amplitudes 
to the two orientations, as decoding applied to the averaged response 
of each visual area led to chance-level performance (46-57% accu- 
racy, Supplementary Fig. 1a). We also tested for potential effects of 
global radial bias'*, and found that decoding was significantly 
impaired by spatially averaging the response of neighbouring voxels 
corresponding to different radial segments of the visual field 
(Supplementary Fig. 1b). In contrast, local variations in orientation 
preference within each radial segment led to high decoding accuracy 
(Supplementary Fig. 1c), consistent with the notion that much of the 
orientation information extracted by the classifier resulted from local 
anisotropies in orientation preference’’ (Supplementary Fig. 2). 

Next, we investigated whether orientation-selective activity is 
maintained throughout the working memory delay period, by 
performing our decoding analysis on individual fMRI time points. 
Although individual functional images show poorer signal to noise, 
we could still detect changes in orientation-selective activity over 
time in both experiments. Orientation decoding of stimulus-driven 
activity in areas V1—-V4 rose above chance level within 4 s of stimulus 
onset (7(5) = 4.13, P<0.01) and reached asymptotic levels by ~6s 
(consistent with the slow time course of the blood-oxygen-level- 
dependent (BOLD) response); performance remained high as 
gratings continued to be shown throughout the 16-s stimulus block 
(Fig. 3a). In comparison, orientation-selective activity in the working 
memory experiment was delayed by ~2s, rising significantly above 
baseline by 6s (T(5) = 4.36, P< 0.01) and reaching a plateau by 8s. 
This delayed onset is consistent with the fact that observers did not 
see the task-relevant cue until 1.2 after the first grating appeared, 
and required more time to interpret the cue. More notable is the fact 
that orientation-selective activity persisted throughout the delay 
period, when no physical stimulus was present, up until presentation 
of the test grating at time 13s. Decoding of individual areas led to 
lower levels of performance; however, a similar pattern of results was 
found, as is shown for V1 (Fig. 3b). 

Interestingly, this maintenance of orientation-selective information 
throughout the delay period did not seem to depend on a sustained 
boost in overall BOLD activity. The time course of mean BOLD activity 
for each visual area revealed a transient response to the first two 
gratings and a subsequent response to the test grating, with some 
suggestion of sustained activity in the intervening period (Fig. 1b). 
However, the level of sustained activity varied widely across subjects. 
For example, in V1 half of our subjects showed greater than baseline 
activity late in the delay period, whereas half did not (Supplementary 
Fig. 3a, b). Nevertheless, orientation-decoding performance was 
equally good for the two groups (74% versus 75%) and was sustained 
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Figure 3 | Time-resolved decoding of individual fMRI time points. 
Orientation decoding of unattended stimulus gratings (red triangles), and 
remembered gratings during working memory (green circles), for activity 
obtained from areas V1—V4 (a) and from V1 only (b). Note that orientation 
information persists throughout the delay period during the working 
memory task, up until presentation of the test grating at time of 13 s. Error 
bars indicate + s.e.m. 


throughout the delay period (Supplementary Fig. 3c, d). Further ana- 
lyses supported the notion that the overall BOLD amplitude from a 
region was unrelated to the amount of memory-related information 
available in the detailed activity pattern. We found no significant rela- 
tionship between BOLD amplitudes and decoding accuracy across 
subjects, or across trials for individual subjects. Thus, it seems that 
low amplitude signals can nonetheless contain robust memory-related 
information throughout the entire delay period. 

Additional control experiments indicated that this sustained 
orientation-selective activity reflected active maintenance of the cued 
orientation throughout the delay period rather than other cognitive 
processes. When observers were presented with a randomly selected 
pair of near-orthogonal orientations on every trial, it was still 
possible to decode which of the two orientations was held in working 
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memory from activity in early visual areas (Supplementary Fig. 4). 
The use of randomly selected orientations ensured that long-term 
memory could not contribute to delayed discrimination; instead, 
accurate performance could only be achieved by maintaining the 
task-relevant grating seen on each trial (behavioural accuracy 
76.2%). In another experiment, observers were shown two sample 
orientations followed by a numerical cue, the colour of which indicated 
whether to make a speeded judgment about the task-relevant orienta- 
tion or to retain that orientation for subsequent discrimination. 
Whereas the immediate report task led to unreliable orientation decod- 
ing, active maintenance of the task-relevant grating over an extended 
15-s delay led to sustained orientation-selective activity in areas V1 to 
V4 (Supplementary Fig. 5). Furthermore, we tested for effects of visual 
expectancy by omitting the sample gratings and providing only an 
initial cue to indicate the approximate orientation (~25° or ~115°) 
observers should expect at test. Expectation of a specific future orienta- 
tion to be discriminated led to good behavioural performance (77.5% 
correct), but weak orientation-selective responses, as indicated by near 
chance-level decoding (Supplementary Fig. 6). 

We also considered whether eye movements could account for 
successful decoding of remembered orientations; there are several 
reasons why this seems unlikely. First, sample gratings were presented 
for only 200 ms, too briefly for participants to prepare an eye move- 
ment within that time; also the working memory cue occurred after- 
wards, when no other stimulus was present. Second, an eye-tracking 
control experiment confirmed that all six participants maintained 
stable fixation when performing the working memory task (see 
Supplementary Methods). Unlike activity in the visual cortex, eye 
position signals failed to predict the orientation held in working mem- 
ory (orientation decoding accuracy, 50.2%, P = 0.94). Third, it would 
be difficult to explain how strategic eye movements during working 
memory might elicit differential activity patterns that resemble those 
evoked by unattended gratings when participants had to attend to 
letters at fixation. Both the stimulus conditions and the strategic 
demands of the two experiments were profoundly different. 

Our results provide new evidence to show that early visual areas 
can retain specific information about visual features held in working 
memory. When participants had to remember a precise orientation, 
this information was maintained in sensory areas, including the 
primary visual cortex where orientation tuning is strongest. 
Although V1 is essential for low-level feature processing, there is 
increasing evidence to suggest a role for V1 in conscious perception”, 
attentional selection'*”° and more complex cognitive functions”’”’. 
We find that early visual areas are not only important for processing 
information about the immediate sensory environment, but can also 
maintain information in the absence of direct input to support 
higher-order cognitive functions. 

Thus far, there has been little evidence to link V1 activity to visual 
working memory, perhaps because these tasks do not normally lead to 
increased activity in the visual cortex'*°. One study did find relatively 
greater V1 activity when monkeys had to report a remembered spatial 
location by means of an eye movement”’, but this increase in baseline 
activity could reflect the effects of spatial attention'*”* or eye move- 
ment preparation”. Here we found that the overall activity in the 
visual cortex fell to near-baseline levels after prolonged delays, yet 
decoding of these low amplitude signals led to reliable prediction of 
the orientation held in memory. 

Our findings suggest a potentially important source of memory- 
related information that may have been overlooked in previous studies, 
and indicate promising avenues for future research. Assuming that items 
in visual working memory are encoded by low levels of population 
activity, the application of population-decoding methods could help 
to uncover the underlying neural representations. Previous attempts 
to decode remembered information from delay-period activity in single 
neurons have typically led to low or chance levels of performance*'®”’. 
Perhaps if signals from many neurons or neuronal sites were recorded 
simultaneously to exclude the effects of correlated noise’, far greater 
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information could be uncovered about items retained in memory, as 
was demonstrated here. The role of synaptic activity in the visual cortex 
might also be useful to explore, given that the BOLD response is more 
strongly associated with synaptic than spiking activity. One recent 
study has reported suggestive evidence of enhanced local field potentials 
(4-10 Hz) in area V4 of the monkey during a visual working memory 
task”. Curiously, spiking activity did not increase overall but it was more 
likely to be observed at a specific phase of these slow oscillations, 
suggesting that the relationship between working memory and spiking 
activity might go beyond simple changes in firing rate. 

It will be interesting for future studies to investigate whether 
working memory information found in the visual cortex is actively 
maintained by long-range recurrent interactions between higher- 
order areas and early visual areas, local recurrent activity within early 
visual areas, or a combination of both mechanisms. Presumably, 
prefrontal or parietal areas contributed to the top-down selection 
process, given that participants had to interpret an abstract cue indi- 
cating which of two orientations to hold in memory. However, it has 
been debated whether feedback signals from higher-order areas 
would necessarily reflect the contents of working memory*. Most 
network models of working memory have emphasized the import- 
ance of local recurrent activity”. In these models, a specific pattern of 
activity can be sustained after stimulus removal if units tuned to 
similar features share strong excitatory connections, balanced by 
broad inhibition from units tuned to other features. It is possible 
that the functional organization of orientation-selective neurons in 
the visual cortex could provide an infrastructure for such interac- 
tions. The present results demonstrate that early visual areas can 
indeed sustain information for periods of many seconds, indicating 
that their function is not restricted to sensory processing but extends 
to the maintenance of visual features and patterns in memory. 


METHODS SUMMARY 


Six observers, aged 24~36, with normal or corrected-to-normal vision, partici- 
pated in this study, after providing written informed consent. The study was 
approved by the Vanderbilt University Institutional Review Board. 

The main study consisted of three {MRI experiments. The working memory 
experiment involved delayed discrimination of one of two randomly cued orien- 
tations (Fig. 1a). Sine-wave gratings were centrally presented at ~25° or ~115° 
orientation (radius 5°, contrast 20%, spatial frequency 1 cycle per degree, ran- 
domized phase). The unattended gratings experiment required participants to 
report whenever a ‘J’ or ‘K’ appeared within a sequence of centrally presented 
letters (4 lettersper s, performance accuracy 87.3%) while task-irrelevant 
gratings flashed on or off every 250ms during each 16-s stimulus block. 
Gratings were identical to those used in the working memory experiment, but 
presented at lower contrast (4%) to elicit weaker visual responses, as might be 
expected during working memory. The visual-field localizer experiment consisted 
of blocked presentations of flickering random dots (dot size, 0.2°; display rate, 
10 images per s), presented within an annulus of 1-4° eccentricity. This smaller 
window was used to minimize selection of retinotopic regions corresponding to 
the edges of the grating stimuli. Observers were instructed to maintain fixation on 
a central bull’s eye throughout every experiment. Participants completed 8-10 
working memory runs (32-40 trials per orientation), 4-5 unattended grating runs 
(28-35 blocks per orientation), and 2 visual-field localizer runs. 

Scanning was performed using a 3.0-Tesla Philips Intera Achieva MRI scanner 
at the Vanderbilt University Institute of Imaging Science. We used gradient-echo 
echoplanar T2*-weighted imaging (time to echo (TE), 35 ms; repetition time 
(TR) 2,000 ms; flip angle, 80°; 28 slices, voxel size, 3 X 3 X 3mm) to obtain 
functional images of the entire occipital lobe, as well as posterior parietal and 
temporal regions. Participants used a bite bar system to minimize head motion. 
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Broad diversity of neutralizing antibodies isolated 
from memory B cells in HIV-infected individuals 
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Antibodies to conserved epitopes on the human immuno- 
deficiency virus (HIV) surface protein gp140 can protect against 
infection in non-human primates, and some infected individuals 
show high titres of broadly neutralizing immunoglobulin (Ig)G 
antibodies in their serum. However, little is known about the 
specificity and activity of these antibodies'*. To characterize the 
memory antibody responses to HIV, we cloned 502 antibodies from 
HIV envelope-binding memory B cells from six HIV-infected 
patients with broadly neutralizing antibodies and low to intermedi- 
ate viral loads. We show that in these patients, the B-cell memory 
response to gp140 is composed of up to 50 independent clones 
expressing high affinity neutralizing antibodies to the gp120 
variable loops, the CD4-binding site, the co-receptor-binding site, 
and toa new neutralizing epitope that is in the same region of gp120 
as the CD4-binding site. Thus, the IgG memory B-cell compart- 
ment in the selected group of patients with broad serum neutrali- 
zing activity to HIV is comprised of multiple clonal responses with 
neutralizing activity directed against several epitopes on gp120. 

During HIV infection some patients develop high titres of broadly 
neutralizing antibodies. However, despite intensive study over two 
decades, only a small number of broadly neutralizing monoclonal 
antibodies have been identified. These antibodies can be protective 
against chimaeric simian immunodeficiency virus (SIV)/HIV infec- 
tion in macaques, and exert selective pressure on the virus*’. 
Therefore, it is widely believed that such antibodies may be important 
components of any vaccine’*. We thus set out to understand the 
naturally occurring memory antibody response in HIV-infected indi- 
viduals who developed high titres of broad neutralizing serological 
activity. 

Artificially trimerized gp140 protein composed of gp120 and gp41 
was used to purify HIV-specific memory B cells from the blood of six 
patients, and immunoglobulin heavy and light chains were cloned from 
single-cell complementary DNA libraries*’ (Fig. 1a, Supplementary 
Figs 1-3 and Supplementary Tables 1 and 2). In contrast to random 
antibody cloning from memory B cells'®"’, and to the antibodies 
isolated from B cells that did not bind to gp140 from the same subjects, 
we found many clonally related antibodies in the gp140-binding B cells 
(Fig. 1b, Supplementary Figs 3 and 4 and Supplementary Table 3). The 
number of B-cell clones varied among patients from 22 to 50, and each 
clone was differentially expanded (Fig. 1b and Supplementary Table 3). 
Individual IgGs were expressed by transfection and tested for reactivity 
by enzyme-linked immunosorbent assays (ELISA). Eighty-six per cent 


of the antibodies cloned from gp140-binding B cells were gp140 
reactive (Fig. 1b). In contrast, none of the antibodies obtained from 
the non-gp140-binding cells was gp140 specific (Fig. 1d and Supple- 
mentary Table 3). Out of 502 antibodies, we obtained 433 that bound to 
gp 140, comprising 134 different B-cell clones (Supplementary Table 3). 

When compared to IgG antibodies derived from non-gp140-binding 
B cells or historical controls'’ the gp140-binding antibodies were 
enriched for heavy-chain variable region 1 (V}1)'’, immunoglobulin 
light-chain kappa (Igk) versus immunoglobulin light-chain 
lambda (IgA), and joining segment kappa 2 (Jk2) or Jk5 (Figs 1c 
and 2a-—c). Individual patients showed longer or more charged IgH 
complementarity-determining region 3s (CDR3s), but these features 
were not found in all patients (Fig. 2b and Supplementary Fig. 5). An 
unexpected finding was that anti-gp140 antibodies were highly 
mutated (Fig. 2d and Supplementary Fig. 6). We conclude that anti- 
gp140 memory B cells are strongly selected post-germinal centre cells 
skewed to Igk and Vy1 use. The exceptionally high level of mutation 
found in these antibodies may reflect chronic immune responses to 
HIV and persistent hypermutation and selection. 

To map the antigenic specificity of the gp140-binding antibodies 
we performed ELISA experiments with purified gp120 and gp4l. 
Seventy per cent of the gp140 antibodies bound to gp120, and 30% 
bound to gp41 (Fig. 3a—c). None of the 132 anti-gp41 antibodies 
assayed bound to the membrane proximal peptides recognized by 
the two broadly neutralizing anti-gp41 monoclonal antibodies 2F5 
and 4E10 (refs 13, 14), and only nine antibody clones bound to the 
reported immunodominant region of gp41 (ref. 15) (Supplementary 
Table 3). Thus, most of the gp41 antibodies in the patients studied 
recognize conformational determinants, and antibodies to the mem- 
brane proximal region are difficult to detect despite the fact that both 
2F5 and 4E10 bind to the trimer, which also absorbs most of the anti- 
gp41 antibodies in the patients’ serum (Fig. 3c and Supple- 
mentary Fig. 2). 

The specificity of the anti-gp120-binding antibodies was mapped 
using a collection of mutant proteins: gp120(D368R) interferes with 
binding to CD4 and all known anti-CD4-binding site (hereafter termed 
anti-CD4bs) antibodies, including b12 (refs 16-18); gp120(1420R) 
interferes with CD4-induced co-receptor-binding site antibodies 
(anti-CD4i), including 17b (ref. 19); gp120 core lacks the variable loops 
(VLs) and interferes with anti-VL and CD4i antibodies”®. Antibodies 
that bound to gp120, gp120core and gp120(1420R), but not to 
gp120(D368R), were classified as CD4bs-directed. Similarly, those that 
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Figure 1| Anti-gp140 antibody cloning. a, Flow cytometry plots of 
peripheral blood mononuclear cells from four HIV patients (Pt1—Pt4) 
stained with anti-CD19 and biotin—gp140. b, Distribution of gp140-binders 
(gp1407) and non-binders (gp140~ ) among all antibodies cloned. ¢, Igk and 
Iga expression among all gp140-binding antibodies. The number in the 
centre of the pies denotes the number of antibodies; slices are unique clones 
and proportional to clone size. d, gp140-binding ELISA for antibodies from 
gp140-binding cells (from patients 1 or 2) and from non-binders (from 
patient 2). The red line shows the b12 (ref. 25) control, the green line is 
negative control mGOS53 (ref. 29). 


bound to gp120 and gp120(1420R), but not to gpl20core, were 
classified as anti-VL antibodies, and those that bound to gp120 and 
gp120(D368R), but not to gp120(1420R), were classified as anti-CD4i 
antibodies. Anti-CD4bs, anti-CD4i and anti-VL antibodies were found 
in all four of the more complete patients but their relative representa- 
tion varied markedly (Fig. 3b). Among all anti-gp 140 antibodies, anti- 
CD4bs made up 9%, anti-CD4i 15% and anti- VL 27% (Fig. 3b). Only 
three of the anti-gp120 antibody clones bound to linear peptides and all 
of these to a region within the V3 loop*' (Supplementary Table 3) 
Surface plasmon resonance experiments with gp140 trimer showed 
that all of the antibodies tested had dissociation constants (Kg) ranging 
from 10~* to 107 '! M; b12 performed at the lower end of the spectrum 
with a Ky of 1.2 X 10-°M (Supplementary Fig. 7 and Supplementary 
Table 4). Thus, the IgG memory B cells obtained from the patients 
studied expressed high affinity antibodies specific for the CD4bs, the 
CD4i site and the VLs, and there was no inmunodominant epitope. 
In addition to anti-CD4bs, anti-CD4i and anti-VL antibodies, we 
found a group of antibodies that bound to gp120, gp120 core, 
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gp120(D368R) and gp120(1420R) that we refer to as anti-gp120 core 
(18% of all gp140-binding antibodies; Supplementary Figs 8 and 9). 
These antibodies also bound to gp120(D368A/E370A) harbouring a 
double mutation that also interferes with binding to many of the 
known anti-CD4bs antibodies and CD4 (refs 17, 22). Furthermore, 
anti-gp120-core antibodies failed to bind to a stabilized gp120 core 
that is highly modified but retains CD4 and b12 antibody binding” 
(Supplementary Figs 8 and 9). However, none of the anti-gp120-core 
antibodies was sensitive to gp120 deglycosylation and therefore these 
antibodies are not predominantly directed to sugar moieties on 
gp120 (Supplementary Fig. 10). 

To examine the properties of the anti-gp120-core antibodies further 
we performed inhibition ELISA experiments using biotin-labelled 
neutralizing antibodies to the CD4bs (b12 and 1-64), or CD4i 
(1-182), or the V3L (1-79) or a representative member of the gp120- 
core-specific group (2-491) (Figs 3d, 4 and Supplementary Tables 3, 5 
and 6). Anti-gp120-core antibodies resembled b12 and CD4bs 
antibodies in that they inhibited the binding of the selected 
anti-gp120-core, anti-CD4bs, and anti-CD4i, but they did not inhibit 
binding of the anti-V3L antibody. Conversely, the 2-491 anti-gp120- 
core antibody was inhibited by the other anti-gp120-core and 
anti-CD4bs antibodies (Fig. 3d and Supplementary Tables 3, 5 and 
6). However, only three out of thirteen of the anti-CD4i antibodies, 
and none of the seven anti-VL antibodies, inhibited binding of the 
anti-gp120 core (Fig. 3d and Supplementary Tables 3, 5 and 6). The 
affinity of anti-gp120-core antibodies to gp140 is similar to that of the 
anti-CD4bs antibodies (Ka values ranging from 210° to 
4.8 X 10°'°M; Supplementary Table 4 and Supplementary Fig. 7). 
We conclude that anti-gp120-core antibodies recognize one or more 
immunogenic epitopes in the vicinity of the CD4bs and CD4i sites, but 
the precise targets for this group of antibodies on the HIV spike remains 
to be defined. 

To determine the neutralizing activity of the memory antibodies 
we measured their ability to inhibit infection of TZM-bl cells by Env 
pseudovirus variants”. To determine whether there was intraclonal 
variation in neutralizing activity we also assayed somatic variants of 
some of the antibodies. Finally, purified serum IgG from the patients 
was assayed on the same viruses. The breadth of neutralizing activity 
and the relative sensitivity of different viral strains was similar for 
serum and purified IgG, indicating that most of the neutralizing 
activity was in the IgG fraction. Purified IgG neutralized most of 
the strains tested, but the activity was most pronounced for the more 
easily neutralized tier-1 HIV variants, whereas high concentrations of 
serum IgG were required for the more resistant strains (Fig. 4 and 
Supplementary Table 6). 

Interestingly, 76% of all anti-gp120s and none of the anti-gp41s 
showed neutralizing activity at the concentrations tested (Fig. 4 and 
Supplementary Table 6). All anti-CD4bs and 88% of all anti-gp120- 
core antibodies showed some neutralizing activity (Fig. 4 and 
Supplementary Table 6). Of a total of 65 independent clonal families 
of neutralizing antibodies, 22 were anti-gp120(core), 18 were anti- 
CD4bs, 17 were anti-CD4i, and 8 were anti-VL including all three of 
the anti-V3L antibodies (Fig. 4 and Supplementary Table 6). As a 
group, the antibodies to the CD4bs and gp120 core showed the high- 
est levels of activity with rare antibodies showing activity against the 
more resistant tier-2 viruses 6535.3 and SC422661.8 at high concen- 
trations (Fig. 4 and Supplementary Table 6). 

Although some degree of neutralizing activity was common among 
gp 120-specific memory antibodies, we found no case in which a single 
monoclonal antibody accounts for all of the neutralizing activity in 
serum (Fig. 4 and Supplementary Table 6). Instead, individual 
antibodies showed variable levels of activity against different viruses. 
As a group these antibodies recognized a broad array of epitopes and 
neutralizing activity was heterogeneous for different viral isolates. 

Memory B cells are long-lived cells that can differentiate into 
antibody-secreting plasma cells, but the relative contribution of any 
given memory B cell to the plasma cell compartment is unknown and 
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Figure 3 | Anti-gp140 mapping by ELISA. a, Pie charts show the 


distribution of anti-gp120 and anti-gp41 antibodies. b, Pie charts show the 


distribution of antibodies binding to CD4bs, CD4i, VL and gp120 core 
(Core). ¢, Representative ELISA results. The x axes show the antibody 


concentrations (in Lg ml7'). Green, 447-52D, anti-VL”!; blue, 2F5 anti-gp41 


(ref. 26); red, b12 anti-CD4bs”; purple, negative control’’; black, anti-Core 
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4-221; dashed green lines, 2-59 anti-VL; dashed blue lines, 3-384 anti-gp41; 
dashed red lines, 2-1262 anti-CD4bs. d, Competition ELISA for binding to 
gp120. Green, patient 1; blue, patient 2; orange, patient 3; purple, patient 4. 
Each dot indicates the IC;9 (Supplementary Table 5). Red arrow shows self- 
inhibitory activity. Filled circle, b12; open circle, 447-52D. 
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therefore a pool of cloned memory B-cell antibodies cannot be com- 
pared directly to serum. Nevertheless, we created pools ofall antibodies 
for each individual patient and compared them to purified IgG for 
neutralization (Fig. 4 and Supplementary Table 6). The pools con- 
tained equal concentrations of each of the anti-gp140 clones irrespect- 
ive of clone size, potential competition for epitope binding or 
neutralizing activity. 

Purified IgGs neutralized nearly all of the tier-1 viruses, and the 
corresponding pools of the recombinant antibodies were also active 
against these viruses (Fig. 4 and Supplementary Table 6). In addition, 
some of the antibody pools neutralized viruses that were not neutralized 
by the IgG fraction (Fig. 4 and Supplementary Table 6). 

In contrast, much higher concentrations of the patients’ serum IgG 
were required for tier-2 neutralizing activity, ranging from 49 to 
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1,258 pg ml’. Consistent with the more stringent requirements for 
tier-2 neutralization, only the pooled monoclonal antibodies from 
patients 1 and 4 reconstituted this type of activity and only reached 
half-maximal inhibitory concentrations (ICs9 values) at high concen- 
trations (Fig. 4 and Supplementary Table 6). In conclusion, the 
memory antibody compartment contains a large mixture of anti- 
HIV neutralizing antibodies, combinations of which can reach the 
breadth of activity found in the serum but only at high concentrations. 

Since the discovery of HIV, several monoclonal antibodies to the 
envelope protein have been produced by random cloning of heavy and 
light chains in phage display libraries or by selection of antibody- 
secreting hybridomas, but only a few highly active broadly neutralizing 
antibodies have been obtained’*. Among these, b12 (ref. 25), 2F5 
and 4E10 (refs 14, 26), and 2G12 (ref. 27) have received the greatest 
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Figure 4 | Neutralizing activity. Patients (Pt1—Pt4) are indicated at the top. 
a, Pies show neutralizing antibodies in colour, non-neutralizers in grey. 
Epitopes are indicated. Slices are proportional to clone size. The number of 
antibodies is indicated in the centre. b, ICs) for individual antibodies to 
gp120 core, CD4bs, CD4i and VLs. The colours of the dots correspond to the 
pies above. Plus symbols indicate control antibodies b12 (CD4bs graphs), 


17b (CD4i graphs) and 447-52D (VL graphs)”’. ¢, Neutralizing activity of 
pooled anti-gp140s. d, Neutralizing activity of IgG. In b—d, the y axes show 
the antibody concentration (in jg ml ') required to achieve ICs9. The 
individual viruses on the x axes are indicated at the bottom (Supplementary 
Table 6). 
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attention because of their unique breadth and potency in vitro and in 
vivo. Ideally, a vaccine that induces such antibodies might be protective 
against HIV. However, to date, it has not been possible to re-isolate 
such antibodies from patients, or induce them by immunization in 
experimental animals'*. Consistent with these findings, none of the 
433 anti-gp140 antibodies we cloned from memory B cells from HIV- 
infected subjects with broad serum-neutralizing activity showed the 
type of broad activity exhibited by b12, 2F5, 4E10 or 2G12. Instead, 
the memory compartment contained many different neutralizing 
antibodies with more limited but diverse activity. Tier-2 neutralization 
was evident with mixtures of monoclonal antibodies but only at high 
concentrations. The molecular basis of this activity has not yet been 
determined, but it may result from the combination of positive 
additive effects of antibodies directed against different parts of gp140 
and the negative effects of competition for binding to related epitopes 
by antibodies with high affinity but low neutralizing activity. 

Our results do not rule out the possibility that broad neutralizing 
activity in serum can be the result ofa single highly effective antibody, 
and the goal of eliciting such antibodies by vaccination remains 
important. However, the data suggest that a vaccine that phenocopies 
the natural anti-HIV immune response in patients with broadly 
neutralizing serological activity and elicits a combination of antibodies 
might also be an effective means of protection against a large number of 
HIV strains. 


METHODS SUMMARY 

Participants. HIV-1-infected patients are part of the Elite Controller Study of 
the Partners Aids Research Center (patients 2, 3 and 5) and clinical protocols at 
the Aaron Diamond Research Center (patient 1) and National Institute of 
Allergy and Infectious Diseases (patients 4 and 6) (Supplementary Table 1). 
The uninfected volunteers were recruited at the Rockefeller University. All work 
with human samples was performed in accordance with approved Institutional 
Review Board protocols. 

Staining, single-cell sorting and antibody cloning. Staining and sorting of 
single gp140 binding memory B cells and cDNA cloning and expression was as 
previously described*””*”?. 

ELISA. Antigens were coated on 96-well plates as described*. For competition 
ELISAs, YU2-gp120-coated plates were incubated with pre-mixed biotinylated 
antibody and inhibiting antibody. Biotinylated antibody was detected using 
streptavidin-conjugated HRP (Serotec) and Horseradish Peroxidase Substrate 
Kit (Biorad). 

Neutralization. Neutralization was measured as a reduction in luciferase reporter 
gene expression after single round infection in TZM-bl cells™*. STVmac251.WY5 
and MuLV were used as negative controls to rule out nonspecific activity. 
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Adaptation of HIV-1 to human leukocyte antigen class | 


Yuka Kawashima’, Katja Pfafferott®®, John Frater*”, Philippa Matthews’, Rebecca Payne’, Marylyn Addo’, 
Hiroyuki Gatanaga’’®, Mamoru Fujiwara’, Atsuko Hachiya’’®, Hirokazu Koizumi’, Nozomi Kuse’, Shinichi Oka”®, 
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David Heckerman’”, P. Richard Harrigan’®, Bruce D. Walker”!”?°, Masafumi Takiguchi’ & Philip Goulder?’®’” 


The rapid and extensive spread of the human immunodeficiency 
virus (HIV) epidemic provides a rare opportunity to witness host— 
pathogen co-evolution involving humans. A focal point is the 
interaction between genes encoding human leukocyte antigen 
(HLA) and those encoding HIV proteins. HLA molecules present 
fragments (epitopes) of HIV proteins on the surface of infected 
cells to enable immune recognition and killing by CD8* T cells; 
particular HLA molecules, such as HLA-B*57, HLA-B*27 and 
HLA-B*51, are more likely to mediate successful control of HIV 
infection’. Mutation within these epitopes can allow viral escape 
from CD8* T-cell recognition. Here we analysed viral sequences 
and HLA alleles from >2,800 subjects, drawn from 9 distinct study 
cohorts spanning 5 continents. Initial analysis of the HLA-B*51- 
restricted epitope, TAFTIPSI (reverse transcriptase residues 128- 
135), showed a strong correlation between the frequency of the 
escape mutation I1135X and HLA-B*51 prevalence in the 9 study 
cohorts (P= 0.0001). Extending these analyses to incorporate 
other well-defined CD8* T-cell epitopes, including those 
restricted by HLA-B*57 and HLA-B*27, showed that the frequency 
of these epitope variants (n = 14) was consistently correlated with 
the prevalence of the restricting HLA allele in the different cohorts 
(together, P< 0.0001), demonstrating strong evidence of HIV 
adaptation to HLA at a population level. This process of viral 
adaptation may dismantle the well-established HLA associations 
with control of HIV infection that are linked to the availability of 
key epitopes, and highlights the challenge for a vaccine to keep 
pace with the changing immunological landscape presented by 
HIV. 

The extent to which HIV is evolving at the population level in 
response to immune selection pressure is under debate*®. 
Resolving the impact of HLA class I alleles on viral evolution is 
problematic because it can be obscured by other influences, such as 
founder effect® (polymorphisms present within the early strains 
establishing the epidemic in a group). In addition, most HLA alleles 
do not drive significant selection pressure on HIV, a proportion of 
escape mutations revert to wild type after transmission, and different 
HLA alleles may drive the identical escape mutation’. 


To test the hypothesis that the frequency of escape mutations in a 
given population is correlated with the prevalence of the relevant HLA 
allele in that population, we studied nine distinct cohorts from North 
America, the Caribbean, Europe, sub-Saharan Africa, Australia and 
Japan, in which we performed HLA typing, and defined the viral muta- 
tions arising within CD8~ T-cell epitopes. We focused initially on a 
well-characterized mutation, I135X, within the HLA-B*51-restricted 
epitope, TAFTIPSI (RT 128-135)%, because it arises in acute infection, 
non-HLA-B*51 alleles do not also select this mutation””, and it does not 
revert to Ile 135 after transmission to HLA-B*51-negative subjects’. 
Thus, if highly prevalent HLA alleles drive a high frequency of escape 
mutations in the population, this would be most obvious in relation to 
HLA-B*51 and the escape mutant I135X. We then considered an addi- 
tional 13 well-defined escape mutations, including those known to 
reduce viral fitness and therefore liable to revert after transmission. 

1135X was selected in 205 of 213 (96%) HLA-B*51-positive indi- 
viduals analysed (Figs 1 and 2, and Supplementary Fig. 1). The 1135X 
variants do not significantly affect viral replicative capacity in vitro, 
other than the rare 1135V mutation. This was the only variant 
observed to revert to wild-type in vivo during a 3-year follow-up of 
38 HLA-B*51-negative subjects identified during acute HIV infec- 
tion who carried I1135X mutant viruses at transmission (Fig. le). The 
1135X mutants substantially affect HLA binding, and therefore also 
recognition by CD8* T cells (Fig. 1f-h). Thus, HIV transmission 
from HLA-B*51-positive subjects would probably involve transmis- 
sion of 1135X, which would persist in the new host. Newly infected 
HLA-B*51-positive subjects receiving an I1135X mutant would be 
unable to generate an HLA-B*51-TAFTIPSI-specific response. 

To test the hypothesis that the population frequency of I135X is 
correlated with HLA-B*51 prevalence, HIV sequence and HLA data 
were collated from the nine study cohorts. One cohort comprised 
subjects with acute/early HIV infection; the remaining cohorts com- 
prised chronically infected subjects. In all cohorts the odds ratio 
strongly favoured I135X in the HLA-B*51-positive subjects, even 
in the acute cohort where I135X was selected sufficiently early to 
be already over-represented in HLA-B*51-positive subjects (odds 
ratio 1.65, P= 0.07, Fig. 2a). In Japan, where HLA-B*51 is highly 
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Figure 1| Selection and fitness cost of 1135X escape variants and 
recognition by the HLA-B*51-TAFTIPSI (RT 128-135)-specific CD8* T 
cells. a, Association between 1135X and HLA-B*51 in all study cohorts. 

b, Ile 135 variation in HLA-B*51-positive subjects. ¢, d, In vitro competition 
assays between NL4-3 wild-type virus and I135X viral variants (1135T (¢) and 
1135V (d)). 1135R and 1135L showed no fitness cost (not shown). 


prevalent’’ (21.9% of the study cohort), the frequency of 1135X 
was >50%, and overall across all cohorts the 1135X frequency was 
strongly correlated with HLA-B*51 prevalence (P = 0.0001, Fig. 2b). 
To control for the possibility that disproportionately more virus 
sequences from HLA-B*51-positive subjects were analysed, the same 
analysis comparing I135X frequency in HLA-B*51-negative subjects 
only was undertaken, with similar findings (Fig. 2c, P= 0.0006). 
These data suggest that HIV may be adapting to HLA-B*51 with 
respect to the HLA-B*51-TAFTIPSI response in localities where 
HLA-B*51 is at high prevalence. 
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Figure 2 | Correlation between frequency of HLA-B*51-associated escape 
mutations and HLA-B*51 prevalence in study cohorts. a, Frequency of 
1135X mutations within TAFTIPSI (RT 128-135) in HLA-B*51-positive (+) 
and -negative (—) subjects within nine study cohorts. In the acute cohort 
(London) 69% of HLA-B*51-positive subjects expressed 1135X mutant at 
enrolment, 100% within 2 years of baseline (Supplementary Fig. 1). 

b, Correlation between frequency of 1135X mutation and HLA-B*51 
prevalence in the nine study populations. Logistic regression P = 0.0001 
(Supplementary Table 1). ¢, Correlation between I135X frequency in HLA- 
B*51-negative subjects and HLA-B*51 prevalence in nine study 
populations. Error bars represent 95% confidence limits, obtained using a 
binomial error distribution. 
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e, Persistence of 1135X mutants in 38 HLA-B*51-negative subjects followed 
from acute infection. f, TAFTIPSI variant binding to HLA-B*51 (see 
Methods). MFI, mean fluorescence intensity. g, h, Recognition of peptide- 
pulsed HLA-B*51-matched targets and viral variants by representative 
TAFTIPSI-specific CD8* T-cell clones. 


Additional evidence that I135X is accumulating in Japan comes 
from the observation that only 3 of 14 (21%) HLA-B*51-negative 
Japanese haemophiliacs infected in 1983 carried 1135X, compared 
with 30 of 43 (70%) HLA-B*51-negative subjects infected between 
1997 and 2008 (P= 0.002). Furthermore, HLA-B*51 does not pro- 
tect against disease progression in Japanese subjects infected between 
1997 and 2008, whereas HLA-B*51-positive haemophiliacs infected 
in 1983 had lower viraemia levels and higher CD4 counts than HLA- 
B*51-negative haemophiliacs (Supplementary Fig. 2). These data are 
consistent with fewer HLA-B*51-positive subjects targeting 
TAFTIPSI during 1997-2008, owing to a population-level increase 
in the HLA-B*51 1135X escape mutation over this 14—25-year period. 

To investigate HIV adaptation to other HLA alleles, we initially 
examined other escape mutations shown previously to persist stably 
after transmission”’. We selected the three non-reverting Gag poly- 
morphisms that, from analysis of 673 study subjects in Durban, 
South Africa’, were most strongly associated with the relevant 
restricting allele (P<10~° after phylogenetic correction), namely, 
S357X, D260X and D312X within epitopes restricted, respectively, 
by HLA-B*07 (GPSHKARVL, Gag 355-363), HLA-B*35 
(PPIPVGDIY, Gag 254-262) and HLA-B*44 (AEQATQDVKNW, 
Gag, 306-316). In addition, we analysed a non-reverting I31V variant 
(LPPIVAKEI, Int 28-36) previously hypothesized to increase in rela- 
tion to population HLA-B*51 prevalence®. These additional poly- 
morphisms show a similar relationship to that between I135X and 
HLA-B*51, overall showing a strongly significant correlation 
between variant frequency and prevalence of the restricting HLA 
allele (Figs 3 and 4a, and Supplementary Fig. 3). 

The spectrum of HLA-associated polymorphisms also includes 
mutations reducing viral fitness’. These either revert to wild type 
after transmission, or persist in the presence of compensatory muta- 
tions. We extended these analyses to include epitopes restricted by 
HLA-B*27 and HLA-B*57, alleles strongly associated with successful 
immune control of HIV'"'*. The mutations analysed themselves are 
associated with precipitating loss of immune control'*"® and all 
inflict a documented viral fitness cost, either demonstrated by in vitro 
fitness studies and/or in vivo reversion”'*'”*! (data not shown for 
V168I). 

Again, a strong correlation between escape mutant frequency and 
prevalence of the restricting HLA allele was observed (Figs 3c-f and 
4b, and Supplementary Fig. 3; overall, for these nine variants affecting 
viral fitness, r= 0.69, P<0.0001). Unexpectedly, this correlation 
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Figure 3 | Correlation between frequency of HIV sequence variant and HLA 
prevalence for six additional well-characterized epitopes. P values 
calculated after logistic regression analysis as shown (calculations after linear 
regression analysis are shown in Supplementary Table 1). a, Frequency of the 
$357X mutation within the HLA-B*07-restricted epitope GPSHKARVL 
(Gag 355-363). b, Frequency of the D260X mutation within the HLA-B*35- 
restricted epitope PPIPVGDIY (Gag 254-262). ¢, Frequency of the R264X 
mutation within the HLA-B*27-restricted epitope KRWIILGLNK (Gag 
263-272). d, Frequency of the 1147X mutation within the HLA-B*57- 
restricted epitope ISPRTLNAW (Gag 147-155). e, Frequency of the A163X 
mutation associated with the HLA-B*5703-restricted epitope 
KAFSPEVIPME (Gag 162-172). f, Frequency of the T242X mutation within 
the B*57/5801-restricted epitope TSTLQEQIAW (Gag 240-249). Error bars 
represent 95% confidence limits, obtained using a binomial error distribution. 


remained significant even when comparing HLA prevalence with 
variant frequency in the HLA-mismatched population (r= 0.40, 
P= 0.0004). As anticipated, non-reverting variants such as I135X 
accumulate at the population level, but even rapidly reverting'*”° 
mutations such as T242N can accumulate, if the selection rate 
exceeds the reversion rate (Fig. 4c, d). 

Although frequency of the analysed HIV polymorphisms and HLA 
prevalence were strongly correlated overall, some anomalies were 
observed. For example, despite a 0% prevalence of HLA-B*57 in 
Japan’’, 38% of the Japanese cohort had the HLA-B*57-associated 
A146X variant. One potential explanation might be A146X selection 
by non-HLA-B*57 Japanese alleles. Analysing Gag sequences from 
Japanese study subjects, we observed a strong association between 
Al146P and HLA-B*4801 (P= 0.00035), and then that A146P is 
indeed selected in HLA-B*4801-positive subjects (Supplementary 
Fig. 4a, b). We defined a novel HLA-B*4801-restricted epitope 
(Gag 138-147), showing also that Al46P is an escape mutant 
(Supplementary Fig. 4c—f). These data illustrate that more than one 
HLA allele can drive the selection of a particular escape mutant 
(Supplementary Fig. 5). Also, in populations where HIV-specific 
CD8* T-cell responses are incompletely characterized, the influences 
of locally prevalent HLA alleles on HIV sequence variation are 
unknown. 

These data show a strong correlation between HLA-associated 
HIV sequence variation and HLA prevalence in the population 
(r= 0.69, P<0.0001, Supplementary Fig. 6), suggesting that the 
frequency of the studied variants is substantially driven by the 
HLA-restricted CD8* T-cell responses. Non-reverting variants”, 
as well as those previously shown to arise at a fitness cost”'*'°*', were 
studied. The latter constitute approximately 55-65% of HLA-assoc- 
iated polymorphisms’”’. This current analysis included epitopes 
whose role in HIV immune control is unknown, as well as those 
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Figure 4 | Correlation between HIV variant frequency and HLA prevalence 
for all epitopes studied. a, Correlation between HLA prevalence and the five 
stable, non-reverting variants (symbols in Figs 2 and 3, and Supplementary 
Fig. 3; grey triangles, 131V; green squares, D312X). b, Eight variants 
demonstrated to reduce viral fitness (see text, Fig. 3 and Supplementary Fig. 
3; turquoise triangles, L268X; yellow squares. A146X; sky-blue squares, 
V168I; yellow circles, 1247X). ¢, d, Data from acute London cohort. 

c, Number of HLA-B*51-positive and HLA-B*51-negative subjects carrying 
the non-reverting 1135X variant. The percentage of 1135X in HLA-B*51- 
negative subjects at enrolment (42%) assumed the percentage of 1135X in all 
subjects at transmission (1135X frequency in HLA-B*51-positive subjects at 
enrolment was 69%, P = 0.07). d, The reverting HLA-B*57/5801-restricted 
T242X mutation. T242X frequency in HLA-B*57/5801-negative subjects at 
enrolment was 7%, versus 33% in HLA-B*57/5801-positive subjects 

(P = 0.01). Error bars represent 95% confidence limits, obtained using a 
binomial error distribution. 


believed to contribute significantly to containment of HIV*”'*". 
Analysis of well-characterized epitopes only also served to limit 
potential confounding influences of epitope clustering (selection of 
the same variant by different HLA alleles) and of founder effect. 
Either would be capable of obscuring a true HLA effect on population 
variant frequency. 

The HLA-B*57-associated A146X mutation illustrates the com- 
plexity that may result from epitope clustering. A146X is selected by 
at least six distinct HLA alleles (Supplementary Fig. 5). A true cor- 
relation existing between mutation frequency and individual HLA 
allele prevalence might thus be obscured by selection of the same 
mutation by other alleles. 

Founder effect also has an undoubted influence on population 
frequencies of particular polymorphisms®. Phylogenetic correction 
of sequence data excludes founder effect as a confounder®””, and the 
highly significant associations between the presence of particular 
HLA alleles and all 14 HIV polymorphisms studied, persisting after 
phylogenetic correction (Supplementary Table 3), provide compel- 
ling evidence that the effects observed here are substantially HLA- 
driven. The large numbers of study subjects in these current studies 
reduce the likelihood of genuine HLA associations with HIV amino 
acid polymorphisms being obscured by founder effects. The relative 
impact of HLA and founder effect on variant frequency is harder 
to quantify, and is likely to differ substantially between particular 
populations. 

The consequence of HIV adapting to certain CD8* T-cell res- 
ponses is unknown. For non-reverting polymorphisms such as 
HLA-B*35-associated D260E, the variant approaches fixation, 
because even at population frequencies of 90%, D260E is still signifi- 
cantly selected in HLA-B*35-positive subjects (Supplementary Fig. 
7b). Important questions relevant to vaccine design include the 
extent and rate of sequence change in populations. Relevant factors 
include the selection rate in subjects expressing the HLA allele, the 
reversion rate in HLA-mismatched subjects, the population HIV 
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transmission rate, and HLA allele prevalence. Models would need to 
include factors such as the selection of compensatory mutations to 
slow reversion rates, and antiretroviral therapy access that would 
slow transmission rates. 

HLA adaptation to certain CD8* T-cell responses may also alter 
currently established HLA associations with slow disease progres- 
sion. Data here suggest that, whereas 25 years ago HLA-B*51 was 
protective in Japan’””’, this is no longer the case (Supplementary Fig. 
2). The apparent increase in 1135X frequency in Japan over this time 
supports the notion that HLA-B*51 protection against HIV disease 
progression hinges on availability of the HLA-B*51-restricted 
TAFTIPSI response. However, whether this is the case remains 
unknown. 

For HLA-B*27 and HLA-B*57, there is more clear-cut evidence 
that their association with HIV control depends on the Gag-specific 
epitopes presented and analysed here*”!*"'>!*°. For each of the HLA- 
B*27- and HLA-B*57-associated Gag mutations studied, an in vitro 
fitness cost or in vivo reversion has been observed. A strong correla- 
tion between variant frequency and HLA prevalence even for rapidly 
reverting variants can be explained, either by mutant acquisition 
exceeding reversion rate (Fig. 4D), or by selection of compensatory 
mutations slowing or halting reversion altogether. The clearest 
example of the latter is the HLA-B*27-associated R264K mutation, 
‘corrected’ by S173A'’’. Compensatory mutations are also well 
described for the HLA-B*57-associated Gag mutations'*'*®. These 
data suggest that the escape mutations in these HLA-B*27- and 
HLA-B*57-restricted epitopes are accumulating over time. Several 
studies have now demonstrated that transmission of viruses encod- 
ing escape mutants in the critical Gag epitopes to individuals expres- 
sing the relevant MHC class results in failure to control viraemia*”!”’. 
The accumulation at the population level of these escape mutations 
in HLA-B*27 and HLA-B*57 Gag epitopes is therefore likely to 
reduce the facility of these alleles to slow HIV disease progression. 

The longer-term consequences of this process for immune control 
of HIV are unknown. Loss of currently immunodominant epitopes 
would promote subdominant CD8* T-cell responses, which can be 
more effective**”*. Also, the adapted virus provides new epitopes that 
can be presented, potentially with beneficial effects. In hepatitis C 
virus, for example, HLA-A*0301 holds a particular advantage, but 
only against the specific strain of virus responsible for the Irish out- 
break”. In HIV, HLA-B*1801 is associated with high viraemia in C 
clade but not in B clade infection’®''”*; the opposite applies to HLA- 
B*5301. 

Thus, the data presented here, showing evidence that the virus is 
adapting to CD8~ T-cell responses, some of which may mediate the 
well-established associations (HLA-B*57, HLA-B*27 and HLA- 
B*51) with immune control of HIV, highlight the dynamic nature 
of the challenge for an HIV vaccine. Important questions to be 
addressed include the speed and extent of sequence change, particu- 
larly in Gag, the most effective target for CD8* T-cell res- 
ponses’”!>?!_ The induction of broad Gag-specific CD8* T-cell 
responses may be a successful vaccine strategy, but such a vaccine 
will be most effective if tailored to the viral sequences prevailing, and 
thus may need to be modified periodically to keep pace with the 
evolving virus. Moreover, the strong associations between certain 
HLA class molecules, such as HLA-B*57, HLA-B*27 and HLA- 
B*51, and slow disease progression may decline as the epidemic 
continues, particularly where these HLA alleles are highly prevalent, 
and where HIV transmission rates are high. 


METHODS SUMMARY 


Overall 2,875 subjects were studied, from 9 previously established study cohorts. 
These cohorts comprised subjects from North America, the Caribbean, Europe, 
sub-Saharan Africa, Australasia and Asia. All subjects were antiretroviral-ther- 
apy-naive. Apart from the London acute cohort (” = 142), all cohorts comprised 
chronically infected subjects. The 14 variants studied are well-defined escape 
mutations within well-characterized CD8* T-cell epitopes, and included those 


644 


NATURE|Vol 458|2 April 2009 


persisting after transmission and likely to have little effect on viral fitness (n = 5), 
as well as those shown previously to reduce viral fitness (n = 9). Autologous 
HIV-1 sequences, and HLA class I types, were determined for all study subjects. 
The replicative capacity of 1135X variants selected within the HLA-B*51- 
restricted epitope TAFTIPSI (RT 128-135) was assessed via in vitro competition 
assays and also via longitudinal follow-up of HLA-B*51-negative subjects 
infected acutely with 1135X variants. Polymorphism frequency in the study 
cohorts was compared with prevalence of the relevant HLA molecule in the 
study cohort using a logistic regression model taking into account the different 
numbers of study subjects in each cohort. Demonstration of an HLA allele 
driving escape at Gag 146 in the Japanese cohort was undertaken first by iden- 
tification of an association between HLA-B*4801 and A146P, subsequent def- 
inition of an HLA-B*4801-restricted CD8* T-cell response to a novel epitope 
Gag 138-147 (L110), and finally demonstration that A146P reduced viral recog- 
nition by L110-specific CD8* T cells. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Study subjects. The study cohorts have been described more fully else- 
where??”!9141802127, All comprise chronically infected and highly active anti- 
retroviral therapy (HAART)-naive study subjects, with the exception of the 
London acute cohort (7 = 142), who were enrolled immediately after serocon- 
version between 1999 and 2004, and 54 subjects enrolled during acute infection 
in Japan between 1997 and 2008. Viral sequences in all 2,679 chronically infected 
study subjects (all of whom were HAART-naive) were determined from time 
points after 2000, with the exception of 9 study subjects in the Japanese chronic 
cohort (1998-99) and all of the British Columbia cohort (1996-99). Sequencing 
data were obtained from 566 study subjects in the British Columbia cohort, 53 
study subjects in the Barbados cohort, 106 in the Oxford cohort, 673 in the 
Durban cohort, 226 in the Lusaka cohort (chronically infected subjects enrolled 
between 2005-08), 481 study subjects in the Perth cohort, 277 chronically 
infected subjects in the Kumamoto cohort, 297 in the Gaborone cohort, and 
142 subjects in the acute London cohort. An additional cohort in Japan com- 
prised 117 haemophiliacs who were infected before 1985, the majority of which 
were believed to have been infected in 1983, and who were enrolled and followed 
up in out-patient clinics since 1997. These haemophiliacs are all now on HAART 
except for 4 HAART-naive subjects. 

HLA-associated HIV amino acid polymorphisms studied. Variants studied 
that were shown to reduce viral fitness comprised polymorphisms within the 
HLA-B*27-restricted Gag epitope KRWIILGLNK (Gag 263-272; R264X and 
L268X) and mutations in three HLA-B*57-restricted Gag epitopes: 
ISPRTLNAW (ISW9, Gag 147-155), KAFSPEVIPMF (KF11, Gag 162-172) 
and TSTLQEQIAW (TW10, Gag 240-249). T242X is strongly selected by 
HLA-B*5801 in addition to HLA-B*57 subtypes’'*’’. The HLA-B*57-assoc- 
iated polymorphisms at residues Gag 146, 147 and 248 are selected by all 
HLA-B*57 subtypes, whereas Gag 163, 165, 166 and 247 are only selected by 
the HLA-B*5703 subtype (refs 7, 18 and H.C., unpublished data). 

Statistics. Polymorphism frequency in the study cohorts was compared with 
prevalence of the relevant HLA molecule in the study cohort using a logistic 
regression model. To take account of the different numbers of study subjects in 
each cohort, appropriate confidence limits for the mutation frequencies were 
calculated, using the Adjusted—Wald method for binomial variables”. Logistic 
regression was calculated by GLMStat (http://www.glmstat.com) using a bino- 
mial error distribution and a logit link function. In addition, the Spearman’s 
rank correlation coefficient was calculated in the context of a linear regression 
model (data shown in Supplementary Tables 1 and 2). 

HLA class I typing. Because HLA typing was not undertaken consistently to 
four-digit resolution in all cohorts, two-digit HLA types only were used for these 
analyses, with the exception of the HLA-B*5703-associated polymorphisms (the 
Barbados and Oxford cohorts being excluded from these latter analyses as HLA- 
B*57 subtyping data were not available). Genomic DNA samples were initially 
typed to an oligo-allelic (two-digit) level using Dynal RELITM reverse SSO kits 
for the HLA-A, HLA-B and HLA-C loci (Dynal Biotech). Refining the genotype 
to the allele level was performed using Dynal Biotech sequence-specific priming 
(SSP) kits in conjunction with the previous SSO type. HLA phenotypic frequen- 
cies were determined from the HIV-infected study cohorts themselves. 
Sequencing of viral RNA and proviral DNA. Viral sequencing of gag and pol 
from plasma RNA and proviral DNA was undertaken, using primers as prev- 
iously described”. PCR products were sequenced directly or they were cloned by 
using a TOPO TA cloning kit (Invitrogen) and then sequenced. Sequencing was 
done with a Big Dye terminator v1.1. cycle sequencing kit (Applied Biosystems) 
and analysed by an ABI PRISM 310 genetic Analyser. 

Competitive HIV-1 replication assay. Freshly prepared H9 cells (3 X 10°) were 
exposed to the mixtures of paired virus preparations (300 blue cell-forming 
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units) each of NL-432 versus mutant virus (1135T, I1135V, I1135R and 1135L)), 
to be examined for their replication ability for 2h, washed twice with PBS, and 
cultured as described previously’. On day 1, one-third of infected H9 cells were 
harvested and washed twice with PBS, and the proviral HIV-1 reverse transcrip- 
tase gene was sequenced (0 week). Every 7 days, the supernatant of the virus 
culture was transmitted to new uninfected H9 cells. The cells harvested at the end 
of every other passage (that is, at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 weeks) 
were subjected to direct DNA sequencing of the HIV-1 reverse transcriptase 
gene, and the viral population change was determined by the relative peak height 
on the sequencing electrogram. The persistence of the original amino acid sub- 
stitution was confirmed for all infectious clones used in this assay. 
HLA-B*5101 stabilization assay. Binding of HIV-1-derived peptides to HLA- 
B*5101 was measured as previously described by using RMA-S-B*5101 cells’. 
Assays to determine recognition of peptide-pulsed or virus-infected targets. 
C1R and .221 cells expressing HLA-B*5101 or HLA-B*4801 were generated as 
previously described*. All cells were maintained in RPMI 1640 medium supple- 
mented with 10% FCS and 0.15 mg ml ' hygromycin B. Cytotoxicity of CD8* T 
cells for C1R-B*5101 cells pre-pulsed with peptide measured by the standard 
°'Cr release assay was as previously described®. .221-B*4801 and .221 cells 
infected with NL4-3 or NL4-3 Al46P mutant virus were used as target cells 
for intracellular cytokine staining assay. 

Generation of the NL4-3 A146P mutant virus. The p82-2 plasmid containing 
the A146P mutation‘ was digested with BssHII and Apal. The BssHII—Apal 1.3- 
kb fragment was purified and then ligated into the same site of BssHII—Apal- 
digested pNL-432 plasmid. To obtain pNL-432 including the Al46P mutant 
(pNL-432 A146P), 293T cells were transfected with pNL-432 A146P using 
Lipofectamine 2000 (Invitrogen). Supernatants from transfected 293T cell cul- 
tures were stored at —80 °C. 

Generation of CD8* T-cell clones and peptide-specific CD8* T-cell lines. 
Cytotoxic T lymphocyte (CTL) clones were generated from HIV-1-specific 
bulk-cultured T cells by limiting dilution as previously described*. Peptide-spe- 
cific CD8* T-cell lines were generated by stimulating peripheral blood mono- 
nuclear cells (PBMCs) from the HLA-B*4801-positive HIV-1-seropositive 
individual KI-092 with the NI11 (NLQGQMVHQAI) peptide and then cultur- 
ing them for 2 weeks*. Cytotoxicity of CD8* T cells for target cells pre-pulsed 
with peptide measured by the standard *'Cr release assay was as previously 
described®. 

Suppression assay of HIV-1 replication by HIV-1-specific CTLs. The ability of 
HIV-1-specific CTLs to suppress HIV-1 replication was examined as previously 
described”®. 

Intracellular cytokine staining assays. PBMCs from HIV-1-infected indivi- 
duals were stimulated with the desired peptide (1 UM) and cultured for 12- 
14 days. These cultured PBMCs were assessed for IFN-y-producing activity as 
previously described*’. 
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An unexpected twist in viral capsid maturation 


Ilya Gertsman’”, Lu Gan't, Miklos Guttman’, Kelly Lee’, Jeffrey A. Speir’, Robert L. Duda’, Roger W. Hendrix’, 


Elizabeth A. Komives” & John E. Johnson’? 


Lambda-like double-stranded (ds) DNA bacteriophage undergo 
massive conformational changes in their capsid shell during the 
packaging of their viral genomes. Capsid shells are complex orga- 
nizations of hundreds of protein subunits that assemble into 
intricate quaternary complexes that ultimately are able to with- 
stand over 50 atm of pressure during genome packaging’. The 
extensive integration between subunits in capsids requires the 
formation of an intermediate complex, termed a procapsid, from 
which individual subunits can undergo the necessary refolding 
and structural rearrangements needed to transition to the more 
stable capsid. Although various mature capsids have been charac- 
terized at atomic resolution, no such procapsid structure is avai- 
lable for a dsDNA virus or bacteriophage. Here we present a 
procapsid X-ray structure at 3.65A resolution, termed prohead II, 
of the lambda-like bacteriophage HK97, the mature capsid struc- 
ture of which was previously solved to 3.44 A (ref. 2). A comparison 
of the two largely different capsid forms has unveiled an unpreced- 
ented expansion mechanism that describes the transition. 
Crystallographic and hydrogen/deuterium exchange data presented 
here demonstrate that the subunit tertiary structures are signifi- 
cantly different between the two states, with twisting and bending 
motions occurring in both helical and f-sheet regions. We also 
identified subunit interactions at each three-fold axis of the capsid 
that are maintained throughout maturation. The interactions sus- 
tain capsid integrity during subunit refolding and provide a fixed 
hinge from which subunits undergo rotational and translational 
motions during maturation. Previously published calorimetric data 
of a closely related bacteriophage, P22, showed that capsid matura- 
tion was an exothermic process that resulted in a release of 
90 kJ mol™' of energy’. We propose that the major tertiary changes 
presented in this study reveal a structural basis for an exothermic 
maturation process probably present in many dsDNA bacterio- 
phage and possibly viruses such as herpesvirus, which share the 
HK97 subunit fold’. 

HK97 is a favourable system for studying capsid maturation as 
capsid particles can be assembled in Escherichia coli from the express- 
ion of just two viral gene products, gp4 (protease) and gp5 (capsid 
subunit), and maturation can be triggered and analysed in vitro 
(Fig. 1) using chemical or low pH treatments”** as opposed to the 
packaging of dsDNA, which induces maturation in vivo. During the 
maturation, subunit reorganization facilitates a particle expansion 
from 540A (prohead II) to 660 A (head II) in diameter (Fig. 1). 
The kinetics of maturation were previously studied using time- 
resolved solution X-ray scattering’ and the structures of the inter- 
mediates were determined with cryo-electron microscopy®”’? and 
X-ray crystallography~’. Near atomic resolution structures have 
characterized the late maturation states (balloon, head II), but only 
lower resolution cryo-electron microscopy models were previously 
available for the procapsid and expansion intermediate (EI) forms, 


which used the 3.44 A head II structure’ as a basis for pseudo atomic 
models. The previous 12A resolution cryo-electron microscopy 
study of prohead II suggested that most of the capsid structural 
changes in expansion were the result of rigid-body rotations and 
translations of the central domains of the subunit, whereas the 
E-loop and N-arm regions moved independently’. 

Here we report a 3.65A resolution X-ray crystal structure of 
W336F, E-loop truncated prohead II (Protein Data Bank accession 
number 3E8K) that changes the previous conceptions of capsid matu- 
ration (crystallographic statistics listed in Supplementary Table 1). 
These mutations did not affect the assembly of the capsid or its ability 
to undergo maturation. The structure reveals that three-fold contacts 
between subunits, mediated by “P-loops’ as well as their surrounding 
B-strands on each subunit, are preserved during maturation from 
prohead II to head II. As a result, the previously proposed rigid 
subunit motions at lower resolution could now be resolved as domain 
motions corresponding to a twist of the subunit about three B-strands 
(BD, BJ and BI) (Fig. 1b), and a simultaneous bending and unwinding 
of the long (spine) helix with respect to the fixed three-fold interaction 
sites. The extent of the subunit twist and the helix bend vary among 
subunits and depend on their quasi-equivalent position. 

The overall morphologies between the prohead II and head II states 
are very distinct. The subunits in prohead II are oriented radially 
relative to the capsid surface, but are roughly tangential in head II 
(Fig. 1c-e). A notable feature of prohead II, which was seen in the 
previous cryo-electron microscopy study, is that the skewed hexamers 
comprising trimers of subunits with a trapezoidal arrangement give 
the hexamers a pseudo two-fold appearance. 

The refined P-loop contacts in prohead II bear a striking similarity 
to the same contacts in head II. The P-loop of each subunit is tightly 
associated with the P-loop of two other subunits from separate cap- 
somers at all three-fold and quasi-three-fold axes (Fig. 2). In the 
previous cryo-electron-microscopy-based model, the P-loop of pro- 
head II was kept fixed relative to the subunit core, changing the 
trimer associations when compared with those in head II. It is now 
clear that the position and quaternary interactions of the P-loops and 
surrounding f-strands (region coloured blue in Fig. 2c) are 
unchanged during expansion, demonstrating that it functions as a 
fixed point of subunit interaction in an otherwise highly plastic qua- 
ternary structure. Figure 2b, c shows salt-bridge interactions between 
Glu 344 and Glu 363 from two of the B-strands surrounding the 
P-loop on one subunit with Arg 194 (located on the turn following 
the spine helix) and Arg 347 (located on the P-loop) of a neighbour- 
ing threefold-related subunit. The salt bridges as well as a putative 
metal-binding site coordinating three glutamate (E348) residues 
directly underneath each three-fold axis (Fig. 2b) remain unchanged 
during capsid maturation. Three of these residues (R194, E344 and 
E363) are proximal to the borders of the region that remains fixed 
during maturation, defining the boundaries of the pivot points of 
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Figure 1| HK97 assembly and morphology. a, The 384-residue gp5 subunit 
initially assembles into hexameric and pentameric oligomers, termed 
capsomers, that first assemble to form the prohead I capsid (P-I). The T = 7 
laevo particle is composed of 12 pentamers and 60 hexamers and 
encapsidates approximately 60 copies of gp4 protease**”’. Expression with a 
defective protease produces a prohead I particle that can be disassembled in 
vitro into free capsomers and re-assembled when exposed to specific 
chemical treatments”. When active gp4 is present, particles spontaneously 
mature to the 13-MDa prohead II (P-II) form after digestion of residues 
2-103 from all subunits. Crosslinking occurs in the wild-type particle after 
formation of the EI state. Crosslinks (isopeptide bond) form between 

Lys 169 and Asn 356 located on different subunits. A crosslink-defective 


tertiary rearrangement (Fig. 2c). In accord with this newly recognized 
structural constraint, the tertiary structure of the subunit is now seen 
to have a significant twist about the P-domain f-sheet (Supple- 
mentary Movie 1). 

To corroborate the conclusions from the crystallographic data, we 
characterized the dynamics of the three-fold P-loop interactions with 
H/’H exchange coupled to matrix-assisted laser desorption/ioniza- 
tion (MALDI) mass spectrometry on prohead I, head I and free 
capsomers. The technique measures the solvent accessibility of amide 
protons (in native proteins in solution) whose rate of exchange with 
deuterium is influenced by secondary, tertiary and quaternary struc- 
ture interactions'*’’. After incubation in deuterium, the capsid 
protein is digested with pepsin protease and the masses of previously 
determined peptide fragments are quantified. Regions with greater 
solvent accessibilities will have larger shifts in their mass envelopes, 
which are quantified as described in the Methods. A K169Y mutant 
was used instead of wild-type head II for the study because covalent 
crosslinks inhibited efficient pepsin digestion and subsequent ana- 
lysis by mass spectrometry. The mutant is able to expand through 
similar intermediate forms as wild-type prohead II (Fig. 1a), 
although maturation stops at the penultimate, head I state, which 
was shown by crystallography to have very similar subunit tertiary 
structures compared to wild-type head II’. The crosslink-defective 
mutant therefore permitted comparisons of H/*H exchange profiles 
between subunits in prohead II and subunits in a virtually mature 
particle form. H/*H exchange was also performed on capsomers that 
were disassociated from the prohead I state and were no longer able 
to form three-fold P-loop associations. One of the peptide fragments 
spanned residues 345-353 of the P-loop (coloured lime-green in 
Fig. 2a), which lies at the junction of the trimer interface. As seen 
in Fig. 2e, this P-loop fragment is highly solvent protected in both the 


A-domain 


mutant, K169Y, expands to head I, a state nearly identical to balloon minus 
the crosslinks. Wild-type balloon undergoes a final expansion step to head II 
in which the pentons become more protruded and form one last class of 
crosslinks, with a molecular topology similar to chainmail’”’. b, Crystal 
structure of subunit D of prohead II at 3.65 A. ¢, 3.65 A electron density map 
(displayed as a solid surface) of the full prohead II capsid, contoured at ~1o 
in Chimera. The prohead II hexamers and pentamers are shown alongside 
the capsid with the seven subunits of the viral asymmetric subunit labelled 
A-F for the hexamers and G for the pentamers. d, A calculated electron 
density map of the head II capsid shown at 3.65 A, also rendered at ~1o. 
e, Prohead II and head II hexamers shown tangential to the capsid surface 
(rotated 90° from view ¢ and d). 


prohead II and head I states, whereas in free capsomers it is nearly five 
times more solvent accessible. Quaternary interactions are therefore 
limiting the rate of amide proton exchange in these intact particle 
forms, whereas P-loops in the unassociated capsomers are more free 
to exchange. Data generated for EI (Supplementary Fig. 1) yielded 
nearly identical exchange profiles as seen for prohead I and head I, 
verifying the presence of P-loop interactions during intermediate 
stages of expansion as well. Consistent with the prohead II crystal 
structure, the H/*H data confirmed that strong interactions 
remained fixed at the P-loop three-fold sites, despite the large subunit 
rotational motions. 

The magnitudes of rotation that bring the prohead II subunit into 
the head II conformation were measured (Fig. 2e) by superimposing 
the residues behind the fixed region coloured blue in Fig. 2c. The 
measurements therefore directly relate to the degree of tertiary twist- 
ing, which at lower resolution was quantified as whole-subunit rota- 
tions in previous studies. Subunits closest to the pseudo two-fold 
axis (A and D) undergo the least rotation, whereas those farthest 
from it (B and E) undergo the most rotation. 

One of the fixed anchor points, Arg 194, resides several residues 
amino-terminal to the spine helix. Most of the subunit beyond the 
fixed P-domain region (coloured blue in Fig. 2c) twists as a rigid unit, 
causing significant bending of the helix, which is fixed at its 
N-terminal end. The degree of helix bending is therefore propor- 
tional to the extent of B-strand twisting (Supplementary Movie 1). 
The helix deformation in prohead II can be seen in Fig. 3a and 
Supplementary Movie 3. Subunits B, C, E, F and G show marked 
helix bending whereas subunits A and D show straighter helices as 
well as smaller twisting motions in the P-domain [-sheet. 

To examine the dynamics of the spine helix in solution, H/*7H 
exchange was measured for a peptide spanning residues 206-216, 
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Figure 2 | P-loops located at three-fold axes act as invariant pivot points. 
a, Ribbon representation of prohead II. The orange triangle represents an 
icosahedral three-fold axis; black and magenta triangles represent two quasi- 
three-fold positions. A magnified view of subunits at a quasi-three-fold axis 
is shown viewed from outside of the capsid. Residues 345-353 of the P-loop 
are coloured lime-green, and represent the peptide fragment analysed by 
H/?H exchange. b, Side-chain interactions at three-fold axes that remain 
invariant during expansion, viewed from the interior of the capsid directly 
underneath a quasi-three-fold axis, 180° from the view of the trimer in 

a. Electron density is contoured at 1o. The three outer circles highlight salt 
bridges whereas the centre circle highlights three glutamates (E348) 
coordinated at a putative metal-binding site. c, Subunit G of prohead II 
(yellow) and head II (green) have been aligned by the region of the P-domain 
which remains invariant (blue). (This motion is best captured in 


which covers the bent region. The average amount of deuterium 
exchanged in this region of prohead II is nearly five times greater 
than in head I, showing a more canonical helical structure with 
stronger hydrogen bonding in the mature head I form (Fig. 3b). 
H/7H measurements of the first expansion intermediate, EI, were 
also performed. The helix peptide shows nearly identical solvent 
exchange for EI as head I, indicating that the increased hydrogen 
bonding in the helix occurs in the initial stage of expansion. The helix 
in the free capsomer state shows a similar level of solvent accessibility 
as prohead II, indicating that the helix distortion is not just a result of 
the quaternary arrangement enforced in the intact capsid, but is 
probably occurring at the level of capsomer assembly and facilitated 
by interactions of the A-domain (residues 2-103 that function as a 
scaffold and are cleaved off of prohead I to form prohead II). 
Quaternary associations probably induce different degrees of strain 
in the local tertiary structures of the seven quasi-equivalent subunits. 
The subunits are not only in a skewed arrangement in the prohead II 
hexamer, but they also show different orientations depending on their 
positions in the hexamer. While the long axes of subunits B, C, Eand F 
lie more radial to the capsid surface, subunits A and D lie more parallel 
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Supplementary Movie 1.) d, A prohead II trimer (subunits A, F, G as shown 
in a) is aligned on the head II trimer (green) by the regions that remain 
invariant (blue), illustrating the rotational motions in respect to the fixed 
trimeric interactions. The upper panel is looking down a quasi-three-fold 
axis (q3) whereas the lower panel shows a perpendicular view, tangential to 
the capsid surface. e, Table shows the angles of rotation (0) of each subunit 
from prohead II to head II as illustrated in both ¢ and d. f, H/7H exchange 
curve of a peptide fragment spanning residues 345-353 of the P-loop 
(coloured lime-green in a) shown for prohead II, head I and free capsomer 
states. Time points are taken from 30s to 10 min, with error bars 
representing standard deviations from the average of three independent 
experiments, with 2-3 measurements per experiment (6-9 total 
measurements for each time point). 


to the capsid surface and therefore do not need to rotate as much to 
assume their orientations in the mature hexamer (Supplementary 
Movie 2). Because P-loop contacts are preserved during maturation, 
there is a strong correlation between the orientation of the subunit 
relative to the capsid surface and the change in tertiary structure 
between prohead II and head II, with the more tangential subunits 
showing less tertiary structure change and the more radial displaying 
the larger tertiary structure change. 

The combined crystallographic and H/H exchange data demon- 
strate that the large subunit rotations concomitant with expansion 
from prohead II to head II are facilitated by a tertiary structural 
transition—the twist of the subunit core about a fixed hinge. H/"H 
exchange data of the helix, which appears to be bent in concert with 
the overall hinging motions, indicates that most of the change in 
tertiary structure occurs during the initial and irreversible expansion 
from prohead II to EI*'* (Fig. 3c). This is reasonable considering 
nearly 60% of the expansion in size occurs in the first transition, as 
well as the symmetrization of the hexamers* (Supplementary Movie 2). 
We propose that the bent helix and twisted B-strand in prohead II 
place the subunits in a strained conformation of elevated free energy 
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Figure 3 | Spine helix bends during maturation. a, The spine helix (yellow) 
is shown for subunit F of prohead II both in its corresponding electron 
density on the left (10), and aligned with head II (green) on the right. The 
subunits from the two states were aligned using the subunit core that acts 
mostly as a rigid body (residues 230-383) with an r.m.s.d of 1.3 A or better 
for each alignment. The region coloured blue represents the fragment 
spanning residues 206-216, analysed by H/?H exchange. b, H/?H exchange 
rate curves comparing deuterium exchange between prohead II, EI I, head I 
and free capsomer helix fragment. 


and that this accounts for both the meta-stability of prohead II and the 
driving force for the initial expansion to EI. The three-fold interactions 
at the P-loops stabilize inter-capsomer interactions during the expan- 
sion. Capsid integrity is augmented after transition to EI, which is 
competent for covalent crosslinking in the three-fold region. The 
energy sources for the distorted tertiary structure in prohead II prob- 
ably stem from the initial assembly, in which the A-domains (residues 
2-103) of each subunit putatively act as molecular scaffolds that pro- 
mote capsomer assembly. The favourable association of A-domains in 
this early assembly product may induce the strained conformation 
(Fig. 4). The high level of deuterium exchange observed in the spine 
helix of free capsomers supports our hypothesis that the bent subunit 
conformation exists at the stage of capsomers, not just fully assembled 
capsid. A-domains interact in a trimer arrangement in the hexamers of 


Prohead | capsomer 


A-domain 


Head II capsomer 


Prohead II capsomer 


Figure 4 | A working hypothesis for the formation, meta-stability and 
subsequent maturation of HK97, represented with a single hexamer. 
Individual subunits are first assembled into hexamers and pentamers (the 
top-left panel is a hypothetical representation of the initial subunit 
organization). Based on H/?H exchange data, subunit tertiary structures are 
distorted in free capsomers and we propose that the hexamers are skewed 
(top-right panel). Prohead I is formed by assembly of hexamers and 
pentamers into a T = 7 particle with A-domains attached. After proteolysis 
of the A-domains to form prohead II, the skewed hexamers and distorted 
tertiary structures are preserved by quaternary structure interactions in the 
particle, raising the free energy of the particle to a meta-stable state 
maintained in a local minimum. Perturbation of these particles by dsDNA 
packaging (in vivo) or lowering the pH (in vitro) lowers the energy barrier, 
leading to an exothermic expansion of the particles producing symmetric 
hexamers and undistorted subunit tertiary structures. 
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prohead I'°, which assume a skewed symmetry similar to prohead II. 
Although prohead I, prepared without the viral protease, is resistant to 
expansion when exposed to conditions that expand prohead II, cryo- 
electron microscopy of prohead I particles heated to 55°C showed a 
reversible transition to an EI-like state’*. That study showed that heat- 
ing the prohead I particles causes a disruption of A-domain interac- 
tions, enabling the particle to expand beyond the prohead II state to a 
state in which the hexamers were symmetrical. Based on these data we 
argue that upon disruption of A-domain interactions and the forma- 
tion of symmetric hexamers, the tertiary strain in the subunits is 
relieved. When the A-domains are present, as they are in prohead I, 
cooling the particles causes the A-domains to re-associate, which 
induces the skewed hexamers and strained tertiary structure. When 
the A-domain is absent as in prohead II, the particle is trapped in an 
elevated local energy minimum until it is perturbed to expand either 
by DNA packaging in vivo, or by chemical perturbation in vitro. 

One study’® previously proposed a mechanism for P22 expansion 
where the procapsid subunit exists as a late-folding intermediate that 
undergoes further tertiary changes en route to the lower energy, 
mature conformation. Such a mechanism is now evident in HK97, 
and may be the driving force for expansion. Systems in which tertiary 
structure folding events, comparable to those presented here for 
HK97, have been characterized include the CA domain of the HIV 
capsid protein, which has been shown to require a kinking of a helix 
to induce dimer activation’’. Although such tertiary structural 
changes have not been characterized at high resolution in other 
dsDNA bacteriophage and viruses, they may be present in P22, T4, 
T7, @29 and possibly animal viruses such as herpesviruses, which all 
share an HK97-like fold*'**?. 


METHODS SUMMARY 

Mutagenesis and crystallography. The W336F mutation suppresses the spon- 
taneous expansion observed in wild-type proheads and therefore increased the 
homogeneity of prohead II preparations. The E-loop was truncated between 
residues 159-171 to improve crystallization, as previous studies showed that 
the tip of the full-length E-loop was partially disordered and protruded from 
the capsid surface®. Crystals were grown using the hanging-drop vapour dif- 
fusion method with a mother liquor consisting of 0.1 M CHES buffer, pH 9.0, 
200 mM manganese chloride and 2.3—3.0% Peg 4000. The addition of CHES and 
Peg to the manganese chloride caused precipitation of much of the manganese. 
Only the supernatant from the precipitated solution was used for crystallization. 
A 200 mM final concentration of NDSB-211 (Hampton Research) was added to 
the drop. An atomic model for the prohead II structure was initially derived by 
rigid-body fitting of the refined 3.44 A structure of the mature head II coordi- 
nates (Protein Data Bank 1OHG) into the prohead II electron density. The initial 
phases for molecular replacement were derived from the previously solved 12 A 
cryo-electron microscopy structure of prohead II. 

H/H exchange and sample preparation. H/’H exchanged samples were ana- 
lysed ona DE-STR MALDI-TOF mass spectrometer. Concentrated HK97 capsids 
(~40mgml ! protein concentration) were diluted nearly sevenfold in a final 
DO concentration of 85%, buffered with 20mM Tris, pH7.5 and containing 
200 mM sodium chloride. Preparation of capsomers and the late expansion inter- 
mediate, head I, used in the H/?H exchange study was performed and monitored 
as previously described*”’. The EI-I particle form was obtained by treatment of 
prohead II with 10% isobutanol followed by a 15-min incubation. Isobutanol is 
one of many chemical conditions that has been previously shown to cause capsid 
maturation in vitro”, and was used for its compatibility with analysis by MALDI 
mass spectrometry. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mutagenesis. The W336F point mutation was generated from wild-type plasmid 
by site-directed mutagenesis. A truncation mutation was made in the tip of the 
E-loop of each subunit, a region seen to be dynamic in prohead II in both cryo- 
electron microscopy and previous crystallographic studies. Splicing by overlap 
extension was performed on the W336F construct, replacing residues 159-171 
with residues APGD, a sequence known to promote formation of a reverse turn. 
The result was a truncated loop that was fully visible in the electron density of the 
crystal structure. Expression of gp5 capsid protein and gp4 protease was com- 
pleted in an E. coliT7 expression system and purification of HK97 prohead II was 
performed as previously described’’. W336F mutant assembles into an intact 
capsid with similar efficiency as wild type. W336F prohead II is able to crosslink 
and expand under acidic conditions, but at a slower rate than wild-type prohead 
II (R.L.D. and R.W.H., unpublished data). 

Crystallographic processing. Crystallographic data were collected at the 
Advanced Photon Source synchrotron at Argonne National Laboratories, beam- 
lines 23-IDD and 14-BMC. The room-temperature diffraction data from 29 
crystals was indexed, integrated and scaled using the HKL2000 suite**. The 
crystals belong to the space group 1222. Reflections with an I/o(J) of less than 0 
were discarded during scaling. Partial reflections were then scaled up to whole 
reflections using CCP4’s SCALA program, followed by scaling of all reflections 
also with SCALA. The orientation of the particle was confirmed with a five-fold 
self-rotation function using the GLRF program” to determine which of two 
possible particle orientations is maintained in the unit cell. Averaging and phase 
extension was done with CCP4 and RAVE using a previously determined 12A 
cryo-electron microscopy model’ to build the mask used for molecular replace- 
ment. The head II structure was manually fit into the prohead II density followed 
by rigid body refinement in CNS. The majority of each subunit fit well into the 
prohead II map, but certain regions in the A-domain loops, P-domain and E-loop 
required significant additional adjustments to improve the fit to the experimental 
density. These regions were manually fit in “Coot’*® followed by simulated anneal- 
ing in real space using Rsref2000 (ref. 31). Energy minimization and geometry 
refinement of the rebuilt residues was then done in CNS. The regions that required 
conformation refitting included residues 289-294 of subunits A and D, 298-305 of 
A-G, and residues 193-215 of the spine helix. Regions that were hinged include 
the E-loop, N-arm and P-domain f-sheets. Residues 104-118 of the N-arm were 
disordered with no visible electron density. The first residue of the N-arm for 
which electron density could be seen varied for each subunit. The most N-arm 
density was seen for subunit A, which was visible starting from residue 119, 
whereas density for the other subunits started between residues 120 and 127. 
Electron density for the tip of the E-loops, residues 158-162, also appears weakly, 
probably due to conformational flexibility in this region. 

Bending angles between subunits from prohead II and head II states (Fig. 2) 
were calculated by deconvoluting matrices needed to align coordinates repre- 
senting the refined prohead II structure with that of head II structure fit into the 
prohead II map. The two particle states were initially least squares aligned by the 
P-loops (346-357), which remained fixed during expansion. r.m.s.d. values 
ranged from 0.67 A to 1A. Matrices were than calculated for the alignment of 
the subunit cores (residues 230-383) of prohead II and head II from the initial 
P-loop aligned state. r.m.s.d. values for these least squares alignments ranged 
from 1.1A to 1.3A. Residues in this core region remain mostly rigid during 
expansion and are all located C-terminal to the E-loop. Residues N-terminal 
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to the E-loop were not used for alignment, as these residues are all involved in 
major structural movements between the two states. 

H/’H exchange. Samples were incubated in an 85% D,O solution at pH 7.5 for 
various time periods, then quenched by the addition of a pH 2.5 non-deuterated 
quench solution containing trifluoracetic acid (final D,O concentration of 
9.0%). After quench, all samples were kept on ice in a 4°C fridge. Protein was 
digested with 50 pl pepsin-coated beads (Pierce) for 5 min. Beads were removed 
by centrifugation, whereas supernatant was flash frozen in liquid N>. Samples 
were thawed individually, mixed 1:1 with alpha C matrix and vacuum crystal- 
lized on a Maldi plate. H/*H exchanged samples were analysed on a DE-STR 
MALDI-TOF mass spectrometer. The total number of deuterons exchanged was 
calculated by subtracting the centroid of the mass envelope from the non-deute- 
rated control from the centroid of the deuterated mass envelopes. The error 
(standard deviation) was estimated from the average of three independent 
experiments with 2-3 measurements recorded for each experiment (total of 
6-9 measurements for each time point). Back exchange was calculated as 42% 
using a peptide in the N-arm region (residues 117—126), which exchanged amide 
protons for deuterium completely within 20s. A separate control for back 
exchange was performed using an 11-residue unstructured synthetic polypep- 
tide, which showed similar back exchange values as the N-arm fragment (117— 
126). N-terminal amide protons of peptide fragments were not considered 
exchangeable residues as they are not expected to retain deuterium after quench- 
ing, nor were proline residues. 

Deuterium incubations were performed for up to 10 min, enabling measure- 
ment of amide protons exchanging at both a fast (>1 min” ') and intermediate 
rate (0.01 to 1 min ')*”. Longer incubations measuring slow exchange rates 
(<0.01 min” ') were not done in this study. Amide protons exchanging at inter- 
mediate to slow rates are generally a result of solvent protection due to either 
secondary structure or protein-protein interactions. The measured data for all 
fragments was best fit to either a single or two-exponential model accounting for 
deuterons exchanging at only a fast rate, or both a fast and intermediate rate 
respectively. The following equation represents the two-exponential fit: 

D= Nast(1 = e met) ae Ninter(1 — ge) 

where D is the total number of deuterons exchanged at time t, Nis is the 
number of deuterons exchanging at a fast rate, kst, and Ninter is the number of 
deuterons exchanging at an intermediate rate, Kinter. The fast exchanging amide 
protons had nearly all exchanged by the first time point, so kgs, was estimated as 
described previously’. All fragments were identified with tandem mass spectro- 
metry (MS/MS) using a Q-star mass spectrometer. 
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FGF signalling during embryo development regulates 
cilia length in diverse epithelia 


Judith M. Neugebauer’, Jeffrey D. Amack'+, Annita G. Peterson’, Brent W. Bisgrove’ & H. Joseph Yost’ 


Cilia are cell surface organelles found on most epithelia in verte- 
brates. Specialized groups of cilia have critical roles in embryonic 
development, including left-right axis formation. Recently, cilia 
have been implicated as recipients of cell-cell signalling’. 
However, little is known about cell-cell signalling pathways that 
control the length of cilia*. Here we provide several lines of evidence 
showing that fibroblast growth factor (FGF) signalling regulates 
cilia length and function in diverse epithelia during zebrafish and 
Xenopus development. Morpholino knockdown of FGF receptor 1 
(Fgfrl) in zebrafish cell-autonomously reduces cilia length in 
Kupffer’s vesicle and perturbs directional fluid flow required for 
left-right patterning of the embryo. Expression of a dominant- 
negative FGF receptor (DN-Fgfr1), treatment with SU5402 (a phar- 
macological inhibitor of FGF signalling) or genetic and morpholino 
reduction of redundant FGF ligands Fegf8 and Fgf24 reproduces this 
cilia length phenotype. Knockdown of Fgfr1 also results in shorter 
tethering cilia in the otic vesicle and shorter motile cilia in the 
pronephric ducts. In Xenopus, expression of a dn-fgfrl results in 
shorter monocilia in the gastrocoel roof plate that control left-right 
patterning* and in shorter multicilia in external mucociliary epi- 
thelium. Together, these results indicate a fundamental and highly 
conserved role for FGF signalling in the regulation of cilia length in 
multiple tissues. Abrogation of Fgfrl signalling downregulates 
expression of two ciliogenic transcription factors, foxjl and rfx2, 
and of the intraflagellar transport gene ift88 (also known as 
polaris), indicating that FGF signalling mediates cilia length 
through an Fe¢f8/Fgf24—-Fegfrl—intraflagellar transport pathway. 
We propose that a subset of developmental defects and diseases 
ascribed to FGF signalling are due in part to loss of cilia function. 

FGF ligands bind and activate cell surface FGFRs to mediate multiple 
processes during embryogenesis. One ligand, Fgf8, has been proposed to 
have divergent roles in left-right patterning” ”, as a left determinant in 
mouse and a right determinant in chick and rabbit. Experimental 
manipulations of FGFR function allow cell-autonomous alterations 
of FGF signalling not possible with manipulations of multiple secreted 
ligands that activate a given receptor. Using this approach, we investi- 
gated the roles of Fgfr1 in zebrafish development. To elucidate the role 
of Fgfr1 signalling in left-right development, we analysed the expression 
of southpaw (spaw, the zebrafish homologue of mouse Nodal), the 
earliest known asymmetrically expressed gene'®. Knockdown of Fefrl 
with two distinct antisense morpholinos (MOs) perturbed the normal 
left-sided expression of spaw in the lateral plate mesoderm (Fig. la—c). 
Ets transcription factors pea3 and erm, downstream targets of FGF 
signalling’’, were downregulated in fgfrl morphants (Supplementary 
Fig. 1), indicating the efficacy of MO knockdown. Markers of noto- 
chord (no tail (ntl), leftyl, sonic hedgehog)'*'’ and floorplate (sonic 
hedgehog) were found to be normal in fgfrl morphants (Supple- 
mentary Fig. 2), indicating that the barrier role of the embryonic 


midline is intact. These results indicate Fgfr1 signalling is required early 
in left-right development, preceding asymmetric expression of spaw. 
spaw asymmetry is dependent on Kupffer’s vesicle (KV), a ciliated 
epithelium structure that creates directional fluid flow'*""*, analogous 
to ‘nodal flow in mouse"’. fgfrl1 messenger RNA is expressed in KV 
and surrounding tailbud (Fig. 1d, e). To determine whether FGF 
signalling functions cell-autonomously in KV cells to control spaw 
asymmetry, we generated chimaeric DFC®"! M°"! embryos in which 
fefrl is knocked down in DFC/KV (dorsal forerunner cells; KV pre- 
cursor cells) lineages’* but not in the rest of the embryo. Similar to 
embryo-wide knockdown of fgfrl, DFC"! M°"! embryos had signifi- 
cant alterations in spaw expression relative to DFC °"™?!M° 
(P<1.19 X 10°; Fig. 1c, +h). As an important control, the effects 


DO Bilateral B Absent Reversed M Normal 


WT control fgfr1 MO-1 fgfr1 MO-2 


hh oBilateral g Absent m Reversed m Normal 
100 


WT DFC DFC Yolk Yolk 
uninj. control fgfrt control fgfr1 
MO MO-1 MO MO-1 


Figure 1| Cell autonomous FGF signalling in Kupffer's vesicle controls 
left-right patterning. a, b, Dorsal view of left-sided spaw expression (arrow) in 
wild type (WT) (a), and bilateral expression in fgfrl MO-1 18-20-somite-stage 
embryos (b). ¢, Percentages of normal (left-sided), reversed, bilateral and absent 
spaw in WT control (n = 99), fefrl MO-1 (n = 117) and fgfrl MO-2 (n = 120). 
d, e, fgfrl expression in wild-type 6-somite-stage embryos. d, Lateral view 
(anterior, left) showing fgfrl expression in KV (bracket) and 
midbrain—hindbrain (red arrowhead). e, Tailbud showing fgfrl expression in 
KV (white arrow, dorsal view), presomitic mesoderm (red arrowhead) and 
lateral plate mesoderm (black arrow). f, g, spaw expression (arrows) in 
DEC??"!M° and DEC# M°" at the 18-20-somite stage. h, Percentages of 
spaw expression in DFC and yolk MO-injected embryos. spaw was altered in 
DEC## MO (y = 69) versus DFC" M9 (P< 1.19 X 10 °;n = 121), with no 
difference between yolkeon™! MO (4 = 57) and yolk 1MO-1 (p< 90.90; n = 59). 
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of knockdown of Fefrl in yolk alone (yolk! ™°') were similar to 
those in yolk°°"""'™° (Big. 1h; P< 0.90). These results indicate that 
cell-autonomous Fefrl signalling in DFC/KV cells is necessary for 
asymmetric expression of spaw in lateral plate mesoderm. 

What role does Fefrl signalling have in DFC/KV function? Atypical 
protein kinase C (aPKC), an apical marker of polarized KV epithelial 
cells'®, revealed that KV were of normal size and shape in fgfr1 morphants 
(Fig. 2a, b; n = 15/15, control n = 16/16), in contrast to dismorphic KV 
phenotypes seen in n#l or spadetail (spt, also known as tbx16) mutants 
and morphants'*®. Thus, morphogenesis of the KV epithelium is not 
dependent on Fefrl signalling. However, KV cilia were shorter in fgfr1 
MO-1 (see Methods) compared to control morphants and wild-type 
embryos (Fig. 2a-c; P< 1.9 X 10 *); the number of cilia was unaltered 
(Fig. 2; P< 0.98). Similar results were obtained from fgfrl MO-2 (data 
not shown). Importantly, Xenopus fgfrl mRNA” rescued cilia defects 
induced by fgfrl MO-1 (Fig. 2c; P< 4.70 X 107°), demonstrating that 
cilia defects in fgfrl morphants are specific to Fgfrl knockdown. 

Additional approaches were used to assess the requirement of FGFR 
signalling for normal KV cilia length. Zebrafish embryos treated during 
the shield stage with a pharmacological inhibitor of FGFR activity, 
SU5402 (refs 18 and 19), had shorter cilia compared to dimethylsul- 
phoxide (DMSO)-treated controls (Fig. 2d; P<3.26x 10 °). 
Treatment at subsequent stages altered left-right development but 
not cilia length (J.M.N. and H.J.Y., manuscript in preparation), indi- 
cating that FGF signalling has multiple stage-specific roles in left-right 
development. We analysed transgenic embryos carrying a heat-shock- 
inducible dominant-negative fgfrl (hsp70:dn-fgfr1) fused to enhanced 
green fluorescent protein (eGFP), which identifies transgenic embryos 
from their non-transgenic siblings”. When DN-Fefrl was activated at 
60% epiboly, transgenic embryos had shorter cilia compared to heat- 
shocked non-transgenic siblings (Fig. 2e; P< 6.94X 10°) and non- 
heat-shocked siblings (Fig. 2e; P< 6.99X 107°), both of which had 
normal length cilia (Fig. 2e; P< 0.61). Brief hyperactivation of FGF 
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signalling by inducible Fefr (iFgfr)*' avoided overexpression defects but 
did not increase cilia length (Supplementary Fig. 3). 

Which ligands signal through Fegfrl to control cilia length? Fgf8 
binds several FGFRs” and Fgfrl morphants phenocopy midbrain— 
hindbrain defects seen in zebrafish Fgf8 mutants (also known as 
acerebellar, ace)***. This indicates that Fgfr1 is a functional receptor 
for Fgf8 (ref. 23). ace mutants have left-right defects and a minority 
fail to form a KV lumen’. We found that fgf8-deficient embryos 
express KV differentiation markers (sox17, n = 87/98), form an epi- 
thelium with normal apical-basal polarity (aPKC, n= 10/10), and, 
despite 33% not filling the KV lumen, develop normal numbers of 
cilia with normal length (Fig. 2f, P< 0.53). 

Another FGF ligand, fgf24, has overlapping expression with fgf8 in 
and around DFC/KV cells™. fgf24 mutants (ikarus, ika)” and siblings 
had normal length KV cilia (average cilia length = 6.2 jim; 498 cilia, 12 
embryos). To test for redundant function of Fgf8 and Fgf24, we injected 
fgf24MO into ace mutants to reduce the amount of Fgf8/Fgf24 activity. 
ace heterozygotes injected with fgf24 MO had shorter KV cilia than 
uninjected ace heterozygotes (Fig. 2f P< 0.015), and ace homozygotes 
injected with fgf24MO had KV cilia lengths comparable to those of fgfr1 
morphants (Fig. 2f; P< 3.63 X 10”). Similarly, ika mutants injected 
with fgf8 MO had shorter cilia (Supplementary Fig. 4). Wild-type, ika 
mutants and siblings injected with fgf24 MO had normal length cilia 
(Fig. 26 P< 0.28), arguing against off-target MO effects. These results 
indicate that Fgf8 and Fgf24 ligands function, probably through Fegfr1, 
to control cilia length. Thus, results from MOs against Fgfrl, phar- 
macological inhibitors of FGFRs, transgenic expression of DN-Fgfrl, 
and mutants and MOs of multiple FGF ligands indicate that FGF 
signalling is necessary to control KV cilia length. 

To assess whether cilia-driven directional fluid flow in KV was 
altered by the cilia defects in fgfrl morphants, we tracked movement 
of fluorescent beads injected into the lumen of KV". In control 
morphants, fluorescent beads had a persistent counter-clockwise 
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Figure 2 | FGF signalling controls cilia length and directional fluid flow in 
Kupffer's vesicle. a, b, Confocal images of 10-somite-stage embryos with the 
KV labelled with antibodies against aPKC (red) and acetylated tubulin 
(green). Control and fgfrl MOs had similar KV structure, but cilia were 
shorter in fgfrl MOs (compare insets in a and b). ¢, Cilia lengths were 
significantly different (P < 2.88 X 10°) in fgfrl MOs (688 cilia; 18 
embryos) versus control MOs (437 cilia; 9 embryos). Cilia length was similar 
in wild-type (WT) uninjected (533 cilia; 10 embryos) and control MO 

(P < 0.93), and cilia numbers per KV were similar in control and fgfrl MOs 
(P < 0.26). Cilia length defects in fgfr1 MOs were rescued by Xenopus fgfr1 
(xfgfrl) mRNA (P < 4.70 X 107°; 807 cilia; 21 embryos). Injection of xfgfrl 
mRNA alone had no effect on cilia length (P < 0.73; 526 cilia, 14 embryos). 
d, Embryos treated with SU5402 during shield stage (248 cilia; 12 embryos) 
had shorter cilia compared to DMSO control embryos (P < 3.26 X 10°; 686 
cilia; 15 embryos). e, Cilia were shorter in transgenic hsp70:dn-fgfrl embryos 
that were heat shocked (HS) at 60% epiboly (656 cilia; 19 embryos) 
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compared to heat-shocked non-transgenic siblings (P< 6.94 X 10 *; 375 
cilia; 10 embryos) and non-heat-shocked siblings (P < 6.99 X 10°; 910 
cilia; 16 embryos). f, There was no difference in cilia length (P< 0.28) in 
fgf24 MOs (455 cilia; 10 embryos) versus control MOs (481 cilia; 10 
embryos). However, cilia were shorter when both Fgf8 and Fegf24 ligands 
were diminished (fgf24 MO in ace mutants; 12 embryos; 244 cilia), compared 
to single-ligand knockdown (ace mutants: P < 1.39 X 10 *; 10 embryos; 480 
cilia; fgf24 MO in ace siblings (sibs): P< 3.44 X 10 4; 15 embryos; 643 cilia) 
and wild-type ace siblings (P< 3.63 X 10’; 13 embryos; 626 cilia). 

g, h, Differential interference contrast (DIC) images of KVs in control and 
fgfrl MOs injected with fluorescent beads. i, j, Bead paths tracked by 
Metamorph software. Directional KV fluid flow was absent in fgfrl MOs 
(j; P< 6.4 10}; 44 beads, 9 embryos) compared to counter-clockwise 
flow in control MOs (i; 39 beads, 8 embryos). Error bars, s.e.m. Asterisks 
indicate conditions with statistically shorter cilia. 
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directional flow (Fig. 2i and Supplementary Movie 1). In contrast, 
beads in fgfrl morphants had no persistent directional flow (Fig. 2j 
and Supplementary Movie 2) indicating FGF signalling controls left- 
right patterning by regulating cilia length and KV fluid flow before 
initiation of asymmetric spaw expression. 

The discovery that FGF signalling has a role in left-right patterning 
by regulating cilia indicates that other developmental roles attributed to 
FGF signalling might be due to cilia defects. To determine whether 
FGF-dependent regulation of cilia length is a more general develop- 
mental mechanism, we examined cilia in two epithelia that express 
Fgfrl, the pronephric ducts and ear (otic vesicle; Supplementary 
Fig. 5b, c). Pronephric ducts are primitive excretory organs containing 
motile cilia’. Inhibition of FGF signalling during Xenopus embryoge- 
nesis inhibits pronephric development”’, but no mechanism has been 
elucidated. Pronephric duct cilia at 26-somite stage were shorter in fgfrl 
morphants than in wild-type embryos (Fig. 3a, b, es P< 4.24 X 10°“). 
Consistent with pronephric cilia defects, fgfr1 morphants develop cystic 
kidneys (Supplementary Fig. 6). In the zebrafish ear, two types of cilia 
are required for otolith formation: tethering cilia and motile cilia. 
Tethering cilia attract seeding granules and, when reduced in number 
or length, granules are not organized correctly for otolith formation’. 
In zebrafish, knockdown of Fgf8 or Fgfrl perturbs otic vesicle and 
otolith formation”’, and the otic vesicle cilia number is altered when 
FGF signalling is pharmacologically inhibited’*. Here, fgfrl morphants 
had shorter tethering cilia and otolith defects (Fig. 3c, d, Supple- 
mentary Fig. 6d, e; P< 1.1 X 107”), indicating that the otic vesicle 
and otolith defects seen in fgfrl MO-1 are due to defects in cilia length. 
Thus, FGF signalling controls cilia length and function in multiple 
tissues during zebrafish development. 

To explore whether control of cilia length by FGF signalling is con- 
served in vertebrates, two types of epithelial cilia were examined in 
Xenopus laevis: monocilia on gastrocoel roof plate (GRP) implicated 
in left-right patterning*, and mucociliary epithelial cilia that move fluid 
across the external epidermis’. Because dn-fgfrl causes gastrulation 
defects when expressed ubiquitously during early embryogenesis, we 
co-injected dn-fgfrl and GFP mRNA into cell lineages that contribute 
to either the GRP or the mucociliary epithelium (Supplementary 
Fig. 1d—f). GRP cells co-expressing GFP and dn-fgfrl had shorter cilia 
compared to neighbouring GRP cells in the same embryo 
(P<6.0 X 10°; Fig. 3i, j, m) and GRP cells in embryos expressing 
GEP alone (P< 2.7 X 10° °; Fig. 3g, h, m). In mucociliary epithelium, 
cells co-expressing GFP and dn-fgfrl had shorter cilia than cells expres- 
sing GFP alone (P< 0.019; Fig. 3k, 1, n). These results indicate that FGF 
signalling controls cilia length in diverse epithelia, and suggests that the 
regulation of cilia length by FGF signalling is evolutionarily conserved. 

To address how Fefrl regulates cilia length, we analysed cell 
differentiation, epithelial cell polarization and cilia formation of KV 
cells in zebrafish’’. In fgfr1 morphants, two markers of the DFC/KV cell 
lineage, sox17 (ref. 12) and dnah9 (ref. 13), showed similar expression 
in wild type and fgfrl morphants, indicating correct DFC/KV cell 
differentiation (Fig. 4a—d, i). The apical membrane marker aPKC 
and tight junction marker ZO-1 revealed that apical—basal polarity in 
KV cells was intact in fgfrl morphants compared to wild-type controls 
(Supplementary Fig. 7a—d). Furthermore, cilia in fgfr1 morphants were 
correctly positioned at the apical surface facing the KV lumen 
(Supplementary Fig. 7e, f). In contrast to the apparent normal differ- 
entiation and polarization of KV cells in zebrafish fgfr1 morphants, two 
members of transcription factor families implicated in ciliogenesis”””’, 
foxj1 (also known as hfh4) and rfx2 (B.W.B. and H.J.Y., manuscript in 
preparation), were downregulated (Fig. 4e, f, i). Correspondingly, 
expression of ift88 (also known as polaris), an intraflagellar transport 
gene required for normal length cilia in zebrafish”, was diminished in 
fgfrl morphants (Fig. 4g—i). Reduced 7ft88 expression is consistent with 
intraflagellar-transport-defective phenotypes seen in fgfr1 morphants, 
including curved body axis, kidney cysts and shortened cilia (Fig. 2a—f 
and Supplementary Fig. 6). From these results, we propose that Fef8 
and Fef24 activate Fgfrl cell-autonomously in KV cells to maintain a 
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Figure 3 | Cilia length in pronephric ducts, otic vesicles, gastrocoel roof 
plate epithelia and mucociliary epithelia is controlled by FGF signalling. 
a, b, e, Pronephric duct cilia were shorter and disorganized in fgfrl MOs 
(P< 4.24 X 10 45528 cilia; 10 embryos) compared to wild-type (517 cilia; 10 
embryos) 26-somite-stage embryos. ¢, d, f, Otic vesicle tethering cilia (arrows 
and inset) were shorter (P< 1.10 X 10 7) in fgfrl MOs (325 cilia; 10 
embryos) compared to wild-type embryos (322 cilia; 8 embryos) at 24 hours 
post-fertilization (h.p.f.). gj, m, GRP cilia in Xenopus embryos were normal 
length in cells expressing GFP alone (green cells in g, outlined in h; 316 cilia; 
18 embryos, P < 0.11), neighbouring cells (outside boundaries in h; 653, 18 
embryos) and cells neighbouring dn-fgfrl + GFP expression (outside 
boundaries in j; 652 cilia, 15 embryos, P < 0.99). In contrast, GRP cilia were 
shorter in cells expressing dn-fgfr1 + GFP (i, inside boundaries in j; 155 cilia, 
15 embryos) compared to neighbouring cells (P< 6.1 X 10 *) and cells 
expressing GFP alone (P< 2.7 X 10 *). k, I, Z-plane rendering of 
mucociliary epithelia (scale bar, 20 um), showing shorter cilia in cells 
expressing dn-fgfrl + GFP (13 cells, 7 embryos) compared to controls 
expressing GFP alone (14 cells, 4 embryos). n, Multicilia area is reduced in 
cells expressing dn-fgfrl + GFP (P < 0.019). Error bars, s.e.m. Asterisks 
indicate conditions with statistically shorter cilia. 


transcriptional network that allows normal expression of intraflagellar 
transport proteins required for normal length cilia (Fig. 4j). 
Monocilia are found on almost all cells and have been implicated as 
sites for receiving or modulating cell-cell signalling pathways such as 
hedgehog', platelet-derived growth factor (PDGF)' and Wnt’. 
Interactions among signalling pathways are of great interest in under- 
standing how cells integrate diverse signals. Extrapolating from our 
discovery of a link between FGF signalling and cilia function in zebra- 
fish and Xenopus, we propose that (1) some of the apparent interactions 
between FGF signalling and other cell signalling pathways might be due 
to FGF-dependent changes in cilia, which then influence the ability of 
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Figure 4 | FGF signalling controls ciliogenic genes in zebrafish DFC/KV 
cells. a, b, sox17 expression in DFC/KV (and endoderm cells in a different 
focal plane) in 90% epiboly embryos was normal in fgfr1 MOs and wild-type 
(WT) embryos. ¢, d, Expression of dnah9 in 95% epiboly embryos was 
normal in fgfr1 MOs and wild-type embryos. e, f, In contrast, foxj1 was 
downregulated in fgfrl MOs versus wild-type embryos at 90% epiboly. 

g, h, Similarly, ift88 was downregulated in fgfrl MOs versus wild-type 
embryos at tailbud stage. i, Comparison of percentage of embryos with wild- 
type expression levels of each gene indicated. j, Proposed mechanism by 
which FGF signalling controls the length of motile cilia: FGF ligands bind to 
Fefrl, activating downstream transcription factors (TF) including foxj1 and 
rfx2. These transcription factors activate intraflagellar transport genes (for 
example, iff88) to maintain motile cilia length on epithelial cells. 


cells to receive and integrate other cell-cell signals, and (2) a spectrum 
of developmental defects and human diseases caused by defects in FGF 
signalling might be due to defects in cilia length or function. 


METHODS SUMMARY 

Xenopus mRNA injections. For Xenopus GRP monocilia analysis, embryos were 
injected with 200 pg GFP mRNA alone (lineage tracer) or co-injected with 400 pg 
dn-fgfrl mRNA into two dorsal cells of a 32-cell embryo. 

For Xenopus epithelial cell analysis, embryos were injected with 200 pg GFP 

mRNA alone or co-injected with 600 pg dn-fgfrl mRNA into a single ventral cell 
of a 16-cell embryo. 
Statistics. Cilia measurements were analysed using a two-tailed Student’s t-test, 
and analysis of spaw proportions were conducted using Fisher’s exact test. In a 
given embryo, each cilium was measured in the tissue of interest and the average 
cilia length per embryo was determined. Averages for controls and experimentals 
were compared within each clutch of embryos. Outcomes were the same using a 
second analytical approach in which all cilia lengths were pooled and compared 
across all series of experiments. Analysis was done by R-Commander software 
package within the R Statistical Software platform’’. Results are considered 
significant when P< 0.05 and results are expressed as mean + s.e.m. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Zebrafish and Xenopus embryo culture. Oregon AB wild-type zebrafish (Danio 
rerio) were collected from natural matings, and were injected, raised and staged 
as described previously'®. Heterozygote crosses with ace’, fgf24'?79? and 
hsp70:dn-fgfr1 were used to produce ace and fgf24 homozygous mutant embryos 
and hsp70:dn-fgfrl transgenic embryos, respectively??°*?”. hsp70:dn-fgfrl 
embryos from heterozygote crosses were incubated at 28°C (no heat-shock 
activation) or at 60% epiboly for one hour at 37°C (heat-shock activation) 
and then returned to 28°C until collected for immunohistochemistry (IHC). 
Xenopus embryos were obtained using standard methods as previously 
described’. 

Morpholino and mRNA injections. Antisense MOs were obtained from Gene 
Tools, LLC and Open Biosystems. Fluorescently labelled MOs against Fgfrl 
were designed using previously described sequences: translation-blocking 3- 
carboxyfluorescein-labelled fgfrl MO-1 (5'-GCAGCAGCGTGGTCTTCAT- 
TATCAT-3')”**!,  translation-blocking 3-carboxyfluorescein-labelled _fgfrl 
MO-2 (5'-CAAAGATCCTCTACATCTGAACTCC-3’)*. The fgf24 MO (5'- 
AGGAGACTCCCGTACCGTACTTGCC-3’) and the 3-lissamine-labelled fgf8 
MO (5'-TAGGATGCTCTTACCATGAACGTCG-3’) have also been described 
previously****. Fluorescein-labelled standard negative control (5’-CCTCT- 
TACCTCAGTTACAATTTATA-3’) from Gene Tools, LLC was used in control 
injections. MO was injected into 1—4-cell zebrafish embryos for whole-embryo 
protein knockdown experiments’. A volume of 1 nl was delivered containing 
5 ng of fgf24 MO, 4 ng of fgf8 MO, 4 ng of fgfrl MO-1, 8 ng of fgfrl MO-2, or 4ng 
of control MO. For DEC™® experiments, fluorescent MO was injected into the 
yolk of embryos at the 500-1,000-cell stage and embryos were selected by fluor- 
escent microscopy for MO accumulation in DFC as described previously’*. To 
control for activity of the protein of interest in the yolk alone, we used yolkM° 
control injections: fluorescent MO was injected into dome stage to 30% epiboly 
stage embryos, and embryos were selected by fluorescent microscopy for MO 
diffusion throughout the yolk. For DECM° and yolkM® injections, 1 nl was 
delivered containing 2 ng of fgfr1 MO-1 or 2 ng of control MO. Capped xfgfr1, 
dn-fgfrl, ifgfr' and GFP mRNAs were made from linearized plasmid using the 
using the mMessage machine SP6 transcription kit (Ambion)’’. For MO rescue 
experiments, 100 pg of xfgfrl was injected alone or co-injected with 5 ng of fgfrl 
MO-1 into 1—4-cell-stage zebrafish embryos. For iFgfr experiments, 2.5 pg of ifgfr 
mRNA was injected into 1—4-cell-stage zebrafish embryos. 

In situ hybridization. Digoxigenin RNA probes were generated using a Roche 
DIG RNA labelling kit. Complementary DNA templates used include spaw’”, 
shh’, ntl'?, fefrl (ref. 23), sox17 (ref. 12), pea3 (ref. 11), erm'', leftyl (ref. 13), 
dnah9 (ref. 13), ift88 (ref. 29), foxjl (B.W.B., unpublished) and rfx2 (B.W.B., 
unpublished). In situ hybridizations were performed as described previously", 
with automated wash and antibody incubation using a Biolane HTI machine 
(Huller and Huttner HG). After post-fixation, embryos were cleared in 100% 
EtOH for imaging. Embryos were stored in 70% glycerol and images were 
obtained and processed using a Nikon Coolpix5000 camera and Photoshop 
software (Adobe). 

Immunofluorescence microscopy. For zebrafish IHC, embryos were fixed in 
4% paraformaldehyde at 4°C, dehydrated in a MeOH series, stored in 100% 
MeOH, rehydrated, boiled in 1mM EDTA for five minutes (except IHC for 
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pronephric cilia), and subsequently blocked for 1 h in PBS containing 5% sheep 
serum, 1% BSA, 1% DMSO and 0.1% Triton-X. Embryos were incubated in 
primary antibody including mouse anti-acetylated tubulin (1:300, Sigma 
T-6793), rabbit anti-atypical protein kinase C € (1:100; Santa Cruz sc-216) 
and mouse anti-ZO-1 (1:150; Zymed 33-9100). After washes with PBS contain- 
ing 0.1% Triton-X, 1% DMSO and 1% BSA, embryos were blocked for 1h and 
incubated in secondary antibody, including goat anti-rabbit Alexa Fluor 647 and 
goat anti-mouse Alexa Fluor 488. Embryos were cleared and mounted in Slow 
Fade Reagent (Molecular Probes). Images were acquired using an Olympus 
Fluoview FV300 laser scanning confocal microscope and assembled using 
ImageJ (NIH) and Photoshop (Adobe) software. Confocal Z-series images were 
assembled to present the sum of the focal planes; cilia length was measured using 
Metamorph software (Universal Imaging Corp). 

For GRP monocilia imaging, injected Xenopus embryos were collected at 
Nieuwkoop & Faber stage 17 (ref. 33), and the vitelline membrane removed, 
fixed overnight in 4% PFA in PBS, dehydrated in methanol and stored at —20 °C. 
Embryos were dissected following rehydration to expose GRP cilia according to 
previous methods’. For epithelial cilia analysis, injected embryos were collected 
at stage 26 and kept whole®. Embryos were blocked in 10% lamb serum in PBS/ 
0.1% Triton-X (PBST), with PBST-only washes. Cilia were labelled as for zebra- 
fish and injected cells were visualized using a polyclonal GFP antibody (1:400; 
Torrey Pines Biolabs). Anti-mouse Alexa Fluor 568 and anti-rabbit Alexa Fluor 
488 secondary antibodies were used. Samples were mounted in PBST and imaged 
using an Olympus Fluoview FV300 confocal microscope. To measure epithelial 
cilia length, images were processed using Fluoview software to render the cilia in 
the x-z plane and then images and cilia length for both epithelial and GRP cilia 
were measured as for zebrafish. 

KV flow analysis. Embryos were dechorionated at 6—8-somite stage and 
mounted in 1% low melt agarose. Fluorescent beads (0.5—2 ttm; Polysciences, 
Inc.) were injected into KV and imaged on a Leica DMRA compound micro- 
scope using a X40 Plan Apo objective with a Coolsnap HQ digital camera 
(Photometrics), Metamorph (Universal Imaging Corp) to track individual beads 
and calculate velocity, and Quicktime (Apple) to display movies. 
Pharmacological treatments. Shield-stage embryos were incubated in 24-well 
tissue culture dishes (25-30 embryos per well) in either SU5402 
(Calbiochem)'*!” resuspended in DMSO or AP20187 (Ariad) resuspended in 
EtOH, and diluted into embryo water to a concentration of 20-25 uM for 
$U5402 (concentration dependant on drug lot) or 1.25 1M for AP20187. For a 
vehicle control, an equivalent volume of DMSO or EtOH was added to embryo 
water. At after 1 h, embryos were washed with embryo water and incubated in the 
24-well dishes until fixed for IHC. 
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Clustering of InsP; receptors by InsP; retunes their 
regulation by InsP3 and Ca‘ 


Taufiq-Ur-Rahman', Alexander Skupin?, Martin Falcke”* & Colin W. Taylor’ 


The versatility of Ca’* signals derives from their spatio-temporal 
organization’. For Ca’* signals initiated by inositol-1,4,5-tris- 
phosphate (InsP3), this requires local interactions between InsP; 
receptors (InsP3Rs)** mediated by their rapid stimulation and 
slower inhibition’ by cytosolic Ca?*. This allows hierarchical 
recruitment of Ca?* release events as the InsP; concentration 
increases’. Single InsP3Rs respond first, then clustered InsP3;Rs 
open together giving a local ‘Ca”* puff, and as puffs become more 
frequent they ignite regenerative Ca”* waves'>°. Using nuclear 
patch-clamp recording”, here we demonstrate that InsP3Rs are 
initially randomly distributed with an estimated separation of 
~1pm. Low concentrations of InsP; cause InsP3Rs to aggregate 
rapidly and reversibly into small clusters of about four closely 
associated InsP3;Rs. At resting cytosolic [Ca’*], clustered 
InsP3Rs open independently, but with lower open probability, 
shorter open time, and less InsP; sensitivity than lone InsP3Rs. 
Increasing cytosolic [Ca”*] reverses the inhibition caused by clus- 
tering, InsP3;R gating becomes coupled, and the duration of mul- 
tiple openings is prolonged. Clustering both exposes InsP3Rs to 
local Ca’* rises and increases the effects of Ca”*. Dynamic regu- 
lation of clustering by InsP; retunes InsP3R sensitivity to InsP; 
and Ca’*, facilitating hierarchical recruitment of the elementary 
events that underlie all InsP3-evoked Ca”* signals*°. 

InsP3-activated currents recorded from patches excised from the 
outer nuclear envelope of DT40 cells’® expressing rat InsP3R type 3 
(InsP3R3) are entirely due to InsP3R3 (Fig. 1). With 10 UM InsP; in 
the pipette solution the single channel open probability (P,) was 
0.44 + 0.05 (mean + s.e.m.; 1=6) and the mean open time (t,) 
was 11.9+1.6ms. The distribution of closed times (t,) had two 
components (Fig. 1d). Recordings in the on-nucleus configuration 
confirmed these results (data not shown). The results are consistent 
with the gating scheme shown in Fig. 1d (see Supplementary 
Methods). 

The number of channels within a patch (1.34 + 0.13, n= 109) can 
be estimated reliably from the largest multiple of simultaneous open- 
ings to the unitary current level (Fig. le and Supplementary 
Methods). The distribution of InsP3Rs in a patch is random: it is 
not significantly different from a Poisson distribution ( x, P> 0.05; 
Fig. 1f and Supplementary Table 1). Others suggested that InsP3Rs 
are clustered in the nuclear envelope'’”’, but it seems likely that in 
making repeated recordings from the same nucleus they stimulated 
nuclei with InsP; before recording, and thereby caused InsP3R clus- 
tering (see later). 

Channel activity (P,; Fig. 2a—c), but not the number of active InsP3Rs 
(Fig. 2d), increased with InsP; concentration (effective concentration 
for half-maximum response (ECs9) = 1.38 + 0.03 uM for patches with 
one InsP3R). There was more than one InsP3R in 57% of active patches, 
and each opened to the same single-channel conductance (y) (Figs le 


and 2a), but NP, (the overall channel activity) was less than expected 
from the summed behaviour of lone InsP3Rs (Fig. 2e). For multi- 
InsP3R patches, the sensitivity to InsP; of NP, was also significantly 
reduced (ECs9 = 2.47 + 0.25 tM for patches with three InsP3Rs; Fig. 2c 
and Supplementary Table 2). These observations prompted us to ask 
whether InsP3Rs behave independently in such multi-InsP3;R patches 
or whether they interact, like some ryanodine receptors'*"*. For each of 
the four states in patches with three InsP3Rs (closed and 1, 2 or 3 
simultaneously open InsP3Rs), the single channel open probability 
(P,) predicted from the binomial distribution matched the observed 
P, (Fig. 2fand Supplementary Methods). Similar results were obtained 
for patches with different numbers of InsP3R3s and for type 1 InsP3Rs 
(Supplementary Figs 1 and 2). At resting cytosolic [Ca**], therefore, 
each InsP3R in a multi-InsP3R patch behaves identically and opens 
independently. 

Our results present a conundrum. How can randomly distributed 
InsP;Rs that open independently behave with such uniformity, and 
yet so differently from lone InsP3Rs, when a patch fortuitously con- 
tains several InsP3Rs? Recordings from Xenopus nuclei also suggest 
that the heterogenous behaviour of lone InsP;Rs becomes more uni- 
form when patches contain several InsP3Rs (ref. 15). We suggest that 
InsP; causes InsP3Rs to cluster’®, and that clustered InsP3Rs are less 
active. To test this hypothesis, nuclei were bathed in InsP; (10 uM, 
2min) before forming seals for patch-clamp recording. In these 
paired experiments, the mean number of InsP3Rs per patch was 
unaffected by InsP; pre-treatment (Supplementary Table 1), con- 
firming that InsP; neither inactivated InsP3Rs nor affected the area 
of membrane trapped beneath the patch. However, the distributions 
of InsP3Rs were very different before and after InsP; treatment 
(Fig. 3a). In naive nuclei InsP3Rs were randomly distributed 
(Fig. 3b), but their distribution after InsP; pre-treatment differed 
significantly from the Poisson distribution (P< 0.05): many patches 
had no InsP3Rs, single InsP3;Rs were under-represented, and several 
patches had unusually large numbers of InsP3Rs (Fig. 3c). This clus- 
tering of InsP3Rs was fully reversed within 8-10 min of removing 
InsP; (Fig. 3a, d). P, of lone InsP;Rs from naive nuclei 
(0.44 + 0.05, n = 6) was indistinguishable from P, of the only lone 
InsP;R caught within a patch after InsP; pre-treatment (0.41). P, for 
each InsP3R within a cluster was also indistinguishable for recordings 
from naive (0.24+0.01, n=18) and InsP3-pre-treated nuclei 
(0.25 + 0.01, n= 18). Furthermore, there was no decrease in P, dur- 
ing recordings that outlasted the InsP; pre-treatment (Supplementary 
Fig. 3). Thus clustering, rather than InsP; per se, decreases P,. 

The decrease in P, as InsP3Rs cluster is identical whether clustering 
is evoked by the application of InsP; to an isolated patch (Fig. 2e, h) 
or to the entire nucleus (Fig. 3e). Both reduce P, to ~54% that oflone 
InsP3Rs. The latter condition better replicates the situation in vivo, 
confirming that results with isolated patches (Figs 1 and 2) faithfully 


Department of Pharmacology, Tennis Court Road, Cambridge CB2 1PD, UK. 7Mathematical Cell Physiology, Max Delbriick Centre for Molecular Medicine, Robert Réssle Str. 10, 13092 
Berlin, Germany. *Helmholtz Centre Berlin for Materials and Energy, Glienicker Str. 100, 14109 Berlin, Germany. 
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Figure 1| InsP3Rs are randomly distributed. a, InsP3-evoked Ca’* release 


from permeabilized DT40-InsP3R3 (filled circles; ECs) = 281 + 46nM, 
mean + s.e.m.) and DT40-KO cells (open circles) (n = 3). Inset shows an 
immunoblot with InsP;R3-specific antiserum (10 |tg membrane protein per 
lane, a 220-kDa marker is shown). b, Currents recorded from excised patches 
with 10-.M InsP; in pipette solution. No currents were detected without 
InsP; (m = 20), with InsP; and heparin (100 1g ml~ ') (n = 15), or with InsP; 
in DT40-KO cells (n > 30). C denotes the closed state. c, The single-channel 
current—voltage (i-V) relationship for InsP3-evoked current (K* 
conductance (yx) = 121 + 2.8 pS, n = 7). d, Dwell-time distribution of a 
single InsP3;R3 stimulated with 10 UM InsP. Open time distribution of this 
typical recording is fitted with a single exponential function with 

T = 10.4ms (mean = 11.9 + 1.6 ms, n = 6). The probability density 
function for the t, distribution has two components (1.1 = 1.07 ms, 88%, 
and t,.2 = 109 ms, 12%). Dwell-time distributions are consistent with the 
gating scheme (Supplementary Methods and Supplementary Figs 5 and 6). 
e, Typical all-points current amplitude histogram of an excised patch 
containing three InsP3Rs stimulated with 10 11M InsP3. C denotes the closed 
state. O01, O02 and O3 denote states with 1, 2 and 3 open channels. f, Observed 
(filled bars) and predicted (open bars) numbers of InsP3Rs per patch from 
109 patches (mean = 1.34) stimulated with 10-100 uM InsP3. 


report the behaviour of InsP3;Rs roaming freely within the nuclear 
envelope. The effect of cluster size on P, indicates that pairing of 
InsP3Rs is sufficient to cause the maximal decrease in P,. Additional 
InsP3Rs can join a cluster, and their activity is attenuated, but InsP3Rs 
within larger clusters are no more inhibited than pairs of InsP3Rs 
(Fig. 2g, h and Supplementary Table 2). InsP3Rs associate with actin* 
and microtubules’, but neither is required for clustering-evoked 
changes in P, (Supplementary Fig. 4). 

To examine the effects of clustering on InsP3R gating, we com- 
pared the mean open time (t,, Supplementary Information) of lone 
InsP3Rs with t, for single channel openings from patches with several 
(N) InsP3Rs (blue line in Fig. 3f). These t, should be similar if lone 
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Figure 2 | Lone InsP3Rs are more active than clustered InsP3Rs at resting 
cytosolic [Ca?*]. a, Typical records from patches (two InsP3Rs per patch) 
stimulated with InsP3. b, c, The effect of InsP; on P, of patches containing a 
single InsP3R (b) or on NP, of patches with three InsP3Rs (c) (n = 4). d, The 
numbers of InsP3Rs detected in each patch for each InsP; concentration 
(n = 9-25). e, Predicted NP, (NPiones open bars) and observed NP, (filled 
bars) for patches containing 1-5 InsP3Rs (n = 3; n = 2 for the patch with 5 
InsP3Rs). f, For patches with three InsP3Rs, the ratios of the observed to the 
predicted values are shown for the indicated numbers of simultaneous 
openings (Supplementary equation (4)). g, P, as a function of the number of 
InsP3Rs within a patch after stimulation with 10 uM InsP; (Supplementary 
equation (5)). h, The effect of InsP; on P, for lone InsP3Rs and for InsP3;Rs 
within multi-InsP3;R patches (n = 4). All error bars are s.e.m. 


and grouped InsP3Rs behave identically. For multi-InsP3R patches, 
we also measured the duration of events in which all InsP;Rs were 
simultaneously open (t.,n, red line in Fig. 3f), and from that we 
calculated 1, for individual, independently gated InsP3Rs (Nto,n). 
Both analyses gave the same result: t, for InsP;Rs within a cluster 
was reduced to 47% of that for lone InsP3Rs (Fig. 3f). A similar 
analysis of closed states confirmed that neither was affected by clus- 
tering (Supplementary Fig. 5 and Supplementary Table 3). InsP3- 
evoked clustering almost doubles the rate of channel closure (1/t,) 
and this alone is sufficient (Supplementary Fig. 6 and Supplementary 
Table 4) to account for the decreased P, of clustered InsP3Rs (Fig. 2g). 
Clustered InsP3Rs open for half as long as lone InsP3Rs (5.4 versus 
11.9ms), and pairing of InsP3Rs is enough to cause the full effect 
(Fig. 2g). Other regulators of InsP3Rs usually influence t. and so rates 
of channel opening*. The difference is important because T, will affect 
the time course of the initial Ca** release within elementary events’ 
and thereby Ca”*-mediated interactions between clustered InsP3Rs. 
This is confirmed by simulations of intracellular Ca** spikes, in 
which the ~50% decrease in t, of clustered InsP3Rs causes the 
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frequency of Ca** spiking to decrease by fourfold (Supplementary 
Fig. 7). 

Within a patch, cluster size is limited to the number of InsP3Rs 
fortuitously caught beneath the patch pipette, but the clusters are 
larger for nuclei pre-treated with bath-applied InsP; (Fig. 3c). This 
demonstrates that a maximal concentration of InsP3 causes >93% of 
InsP3Rs to cluster (85 out of 91 InsP3Rs from 88 nuclei pre-treated 
with InsP3), and the average cluster contains 4.25 + 0.38 InsP3Rs 
(Supplementary Methods). Inhibition of InsP3Rs within a cluster is 
not caused by feedback inhibition’ from Ca** passing through 
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Figure 3 | Reversible clustering of InsP3Rs by InsP3. a, The numbers of 
InsP3Rs detected in patches from naive nuclei (nm = 63), after pre-treatment 
with bath-applied InsP; (10 uM, ~2 min; n = 88), or the latter after recovery 
for 8-10 min without InsP; (washed-out; n = 40). b—d, Observed (filled 
bars) and predicted (open bars) numbers of InsP3Rs per patch. e, The effects 
of InsP; on InsP3R clustering and gating. Clustering is reported by P,/Pione 
for patches with two or three InsP3Rs, and gating by NP, for patches with 
two InsP3Rs (ECs9 = 2.02 + 0.20 UM). f, t, for patches with two or three 
InsP3Rs measured from the duration of single channel openings (blue line, 
Tsingle) or calculated from the duration of openings to the Nth level (red line, 
Tcalculated = NTo,n). These are compared with t, for lone InsP3Rs (Thone). A 
typical trace is shown from a patch with two InsP3Rs. g, InsP; drives InsP3;Rs 
into small clusters consistent with the arrays (grey) formed by InsP3Rs at 
high density’. Within a cluster, each InsP3R opens independently, but closes 
more rapidly than a lone InsP3R. h, A typical recording from a patch 
containing four InsP3Rs with InsP; released by flash photolysis from caged 
InsP; in pipette solution. Electrical noise caused by the flash is shown. 

i, From records similar to h (Supplementary Fig. 8), P, (from NP,/N) and t, 
were measured during each 0.5-s interval after the flash (1.5 s for the first 
interval). The ratio (multi-InsP3R patch/lone InsP3R) is shown for both t, 
and P,. Results (means + s.e.m.) are from four (single) and seven (multiple, 
with 2—4 InsP3Rs per patch) patches. 
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neighbouring InsP3;Rs. Both bathing and pipette solutions have the 
same [Ca?~] and are buffered with BAPTA, the inhibition occurs at 
positive (Fig. 2) and negative holding potentials (Supplementary 
Discussion), and clustered InsP3Rs open independently (Fig. 2f). 
Because permeating ions cannot regulate neighbouring InsP3Rs 
under our recording conditions, inhibition must be mediated by 
contacts between InsP3Rs. From this, we estimate that the average 
separation of InsP3Rs falls from ~1 um to ~20 nm after clustering, 
and that clusters are ~2 um apart (Supplementary Discussion). 
These spacings concur with confocal measurements suggesting that 
a Ca" puff originates from a cluster ~50 nm wide and that clusters 
are ~3 um apart'*. When expressed at high densities, InsP3Rs (ref. 
19) and ryanodine receptors*’ form arrays with each tetrameric 
receptor contacting four others. We speculate that InsP;-evoked 
clusters (of 4.25 + 0.38 InsP3Rs) exploit similar contacts and so, with 
single InsP3Rs, form the fundamental units of Ca’* signalling 
(Fig. 3g). 

InsP3-evoked clustering is complete within seconds of stimulation 
with a maximal concentration of InsP; (Supplementary Fig. 3). To 
resolve the time course, we used photolysis of caged InsP; in the 
pipette solution to increase rapidly the InsP; concentration bathing 
InsP3;Rs trapped beneath the patch pipette. InsP;Rs were initially 
quiescent and then rapidly activated when InsP; was photoreleased 
(Fig. 3h). Irrespective of the number of InsP3Rs caught within a 
patch, t was initially similar for all InsP3Rs (~10ms). It then 
remained stable for many minutes for lone InsP3Rs (11.4 + 0.5 
ms), but fell within 2.5 s to 5.8 + 0.3 ms for patches containing more 
than one InsP3R (Fig. 3i and Supplementary Fig. 8). Using 1, to 
report InsP3R clustering suggests that clustering is complete within 
2.5 of InsP; addition. A similar analysis of P, suggests a half-time for 
clustering of ~1.5—2 s (Fig. 3i). Our evidence that clustering does not 
require the cytoskeleton together with measurements of InsP3;R3 
mobility’! suggest that diffusion alone may be sufficient to allow 
InsP3R3_ clustering within a few seconds (Supplementary 
Discussion). 

We can define the InsP; sensitivity of clustering by measuring the 
extent to which P, of each InsP3R within a multi-InsP;R patch 
(P, = NP,/N, Supplementary Information) falls below P, of an 
identically stimulated lone InsP3R (Pine). This demonstrates that 
InsPR clustering (ECs < 300 nM) is about ten times more sensitive 
to InsP; than is channel opening (ECs = 2.02 UM, Fig. 3e). Steady- 
state exposure to the low InsP; concentrations that evoke Ca** 
puffs*’ would, by assembling InsP3R clusters, allow both generation 
of puffs and loss of Ca” blips”. 

Clustering moves InsP3Rs (~1 1m apart) from being insulated 
from their neighbours by Ca*’-buffering to domains (~20nm 
apart) in which they will instantly experience high local [Ca**] 
whenever a neighbour opens™* (Supplementary Fig. 7). So far 
(Figs 1-3) we have prevented such interactions by using K* as a 
charge carrier and recording at a free [Ca?*] (200 nM) that mimics 
a resting cell. Subsequent experiments include 1 uM free [Ca*~*] with 
InsP; in the pipette solution to simulate the [Ca**] near open 
InsP3Rs. For simplicity we use K* as a charge carrier. With 1 1M 
[Ca?*] in the pipette solution, InsP3R activity was increased: P, for 
lone InsP3Rs almost doubled, as t. decreased (Fig. 4a)*. Neither the 
number of InsP3Rs per patch (1.12 + 0.24) nor their random distri- 
bution (Fig. 4b) was affected by Ca’*, but the interaction between 
InsP3Rs was altered. Whereas clustering reduced the overall activity 
of InsP;Rs (NP,) at resting [Ca?*] (Fig. 2e), the inhibition was 
reversed by increased [Ca**], such that the collective activity of a 
pair of InsP3Rs (NP,) was the same as that predicted from the 
summed activity of two lone InsP3Rs (Fig. 4c). This did not result 
from disaggregation of clusters because at increased [Ca**], InsP3Rs 
no longer opened independently. In patches with two InsP3Rs (open- 
channel noise prevented analysis of larger clusters), open probabil- 
ities did not fit the binomial distribution (Fig. 4e)—double open and 
closed events were over-represented (Supplementary Fig. 9). 
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Figure 4 | Clustering retunes Ca”* regulation of InsP3Rs. a—e, Patches were 
stimulated with pipette solution containing 10 1M InsP; and (unless 
otherwise stated) 1 1M Ca’ .a, A typical recording (top) and summary data 
(bottom; n = 5-6) from lone InsP3Rs show that increasing Ca?* increases P, 
by reducing t,. b, Observed (filled bars) and expected (open bars) numbers 
of InsP3Rs per patch. c, Observed and predicted NP, for patches containing 
one or two InsP3Rs and stimulated with 10 uM InsP; in pipette solution 
containing 0.2 UM or 1 1M Ca** (n = 5-6). d, A typical recording from a 
patch with two InsP3Rs, enlarged (red) to highlight transitions directly 
between closed (C) and double open (O2) states. e, The ratio of the observed 
to the predicted probability for closed (C) and single (O1) or double 
openings (O2) for patches with two InsP3Rs (n = 6; Supplementary 
equations (4) and (5)). f, Observed (filled bars) and expected (open bars) 
durations of events when both InsP;Rs are simultaneously open (t,,2) or 
closed (t,,2) for patches with two InsP3Rs (n = 6; Supplementary equations 
(6) and (7)). g, The ratio of the observed to the predicted numbers of 
transitions to each of the three states in a patch with two InsP3Rs (n = 6)”°. 
h, At resting [Ca”*], InsP; drives InsP3Rs into small clusters in which 
InsP3Rs gate independently, but with reduced P, and InsP; sensitivity. Ca 
reverses the inhibition imposed by clustering, openings within a cluster are 
more synchronized, and simultaneous openings are prolonged. Clustering 
primes InsP3Rs to respond by repressing their activity, and then allowing 
Ca’* to unleash the coordinated gating of clustered InsP3Rs 
(Supplementary Fig. 7). All error bars are s.e.m. 


2+ 


Furthermore, there were many examples of InsP3Rs opening and 
closing directly to and from states with both InsP;Rs open 
(Fig. 4d). For paired InsP3Rs, the double openings were prolonged 
by 50% (Fig. 4f), but were 47% less frequent than expected (Fig. 4g). 
The overall increase in P, for double openings was therefore small 
(12%) and counteracted by a 39% decrease in the probability of only 
one InsP3R being open and a 116% increase in the probability of both 
being closed (Fig. 4e). Clustered InsP3Rs exposed to increased [Ca?*] 
do not therefore behave independently. Their gating is coupled'*"*: 
they are more likely to open and close together, and their simultan- 
eous openings are prolonged (Supplementary Fig. 9). Coupled gating 
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is not caused by local increases in cytosolic [Ca7* ], and must instead 
result from physical coupling of InsP3Rs. However, under physio- 
logical conditions, clustered InsP3Rs are more likely to experience 
increased [Ca** ] (because their neighbours may release it), and they 
are also tuned to respond most to it. By suppressing InsP3R activity at 
resting [Ca*~], clustering increases the effect of a subsequent local 
increase in [Ca**] (Supplementary Fig. 7). Within a cluster, 
increased Ca?~ increases P, (as it does for lone InsP3Rs), but it also 
reverses the inhibition evoked by clustering and it causes coupled 
gating. These interactions exaggerate the effect of Ca** within a 
cluster (Fig. 4h). Thus, InsP; dynamically regulates both the assembly 
and behaviour of Ca** puff sites. InsP; rapidly drives InsP3Rs into 
small clusters, in which their InsP; and Ca*~ sensitivities are retuned 
to exaggerate Ca” *-mediated recruitment of InsP3Rs and allow hier- 
archical recruitment of Ca’* release events (Fig. 4h and 
Supplementary Fig. 7)*’. 


METHODS SUMMARY 


We established DT40 cell lines stably expressing rat InsP3R1 or InsP3R3. InsP3- 
evoked Ca’ release from the intracellular stores of permeabilized DT40 cells was 
measured using a low-affinity Ca”* indicator (Mag-fluo-4) trapped within the 
endoplasmic reticulum. Nuclei were isolated by lysis of DT40 cells and allowed to 
adhere to a Petri dish coated with poly-b-ornithine. Patches excised from the 
outer nuclear envelope of these immobilized nuclei were used for patch-clamp 
recording". K* was the charge carrier and, unless otherwise stated, all recordings 
were at +40 mV. For flash-photolysis experiments, the pipette solution con- 
tained 100 UM ‘caged’ InsP;, from which InsP, was released by a single high- 
intensity flash from a Xe-flash lamp. Most analyses of currents used the QuB 
suite of programs (http://www.qub.buffalo.edu). 
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RETRACTION 


doi:10.1038/nature07964 

Remission in models of type 1 diabetes by 
gene therapy using a single-chain insulin 
analogue 


Hyun Chul Lee, Su-Jin Kim, Kyung-Sup Kim, Hang-Cheol Shin 
& Ji-Won Yoon 


Nature 408, 483-488 (2000) 


Three of the authors (H.C.L., K.-S.K. and H.-C.S.) wish to retract this 
Letter on the grounds that they have been unable to reproduce the 
results. The retraction has not been signed by Ji-Won Yoon 
(deceased) or by Su-Jin Kim, who maintains that the results are still 
valid. 
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Forensic evidence 


Fresh career opportunities could develop in 
forensic science, if recommendations ina 
report from the US National Research Council 
are adopted, says forensic scientist and 
co-author Jay Siegel. 

Forensic scientists need to prove their 
competence with recognized qualifications 
at different levels, says Strengthening 
Forensic Science in the United States: A 
Path Forward. Concerned members of 
Congress had asked the National 
Academy of Sciences to propose 
reforms that would coordinate 
and improve forensic-science 
analyses across federal, state 
and local jurisdictions. The 
report recommends mandatory 


evidence is still lacking as to how well a given 
fingerprint identifies a specific person. 

Siegel believes that if Congress adopts 
some of the recommendations, the field will 
experience a hiring boom when the economy 
recovers. "There is a tremendous pent-up 
need for new scientists,” says Siegel. A 2005 
survey, Census of Publicly Funded Forensic Crime 
Laboratories, 2002, of crime-lab directors 
indicated 1,900 additional forensic scientists 
were needed to get case management down 
to the desired 30-day turnaround. And, 
Siegel says, staffing needs have only 

increased since then. 

At present, certification 
programmes for individuals and 
accreditation of education programmes 
certification for the pathologists, and crime laboratories are voluntary. 
biologists, physicists, chemists and ~~. However, these are not all supervised 
medical officers working in forensics. ~~ by the American Academy of Forensic 

To set these rigorous standards for the field, Sciences (AAFS), which has spent the past 
it calls for the creation of an independent decade establishing a board to examine 
National Institute of Forensic Science. the certifying bodies in current existence. 
Without such an institute, says report co-chair © Although AAFS president Thomas Bohan 
Constantine Gatsonis, a biostatistician at agrees that certification is important, he thinks 
Brown University in Providence, Rhode Island, the academy's existing system is sufficient. 
forensic science will continue to lack the funds — He believes that the report's emphasis on 
needed to mature the field. certification will prod most forensic scientists 

More thorough scientific evaluation of and institutions to flock to AAFS-approved 
forensic protocols may generate new jobs, certifying boards, making a new overseeing 
predicts Siegel, director of the forensic and body unnecessarily complicated. 
investigative sciences programme at Purdue The recommendations could also push more 
University in Indianapolis, Indiana. “The forensic-science educational programmes to 
biggest problem in forensic science is a lack seek accreditation. Of the roughly 200 now 
of science-based research to settle what can operating, according to AAFS, only 19 are 
be considered evidence in the courtroom.” accredited by its Forensic Science Education 
For example, he says, despite the routine Programs Accreditation Commission. |] 
acceptance of fingerprints in the courts, Virginia Gewin 


POSTDOC JOURNAL 


Job juggling 


My wedding celebration is 
over, the flights booked, my 
visa nestled in my passport. 
Now all | have to do is 
complete all the projects I’m 
working on before | leave 
Australia to spend the next 


Since my postdoc contract 
ended last year, | have been 
paying the bills by working on 
three part-time projects that 


During an average day | juggle 
my time between them — 
from examining the impacts 
of dingos on Australia's 
mammals, to writing a book 
chapter on the impacts of 


two years in the United States. 


add up to a full-time workload. 


climate change on Western 
Australian biodiversity, to 
writing website content for a 
new national climate-change 
research network. 

lam grateful for the work, 
and dependent on the money 
it brings, but | yearn to do my 
own research. As | struggle 
to find enough hours in the 
day, unfinished manuscripts 
sit forlornly in a folder on my 
desktop. Others wait for me to 
address reviewer comments 
and resubmit them to journals. 
This does not bode well for my 
2009 publication record. 

With our forthcoming move 
to the United States, my 


husband working full time, 
and a toddler to care for, | can’t 
see this cycle of part-time 
work ending any time soon. 
So perhaps | should embrace 
it rather than fight it. 

Indeed, the benefits are 
many. | get the opportunity 
to work on a diverse range of 
interesting projects, and the 
flexible hours allow me more 
time with my son. And maybe 
one day I'll embrace those 
onely manuscripts and finish 
them once and for all. o 
Joanne Isaac was a postdoc 
in climate-change effects on 
biodiversity at James Cook 
University, Townsville, Australia. 
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IN BRIEF 


Drug firms cut back 


Several drug research companies across 
North America, including five US-based 
firms and a Canadian biotech, have 
announced lay-offs. 

Hospira of Lake Forest, Illinois, 

a pharmaceutical and medication 
delivery firm specializing in injectable 
drugs, will cut about 1,400 employees, 
or 10% of its global workforce. Cortex 
Pharmaceuticals of Irvine, California, 
which makes drugs to treat psychiatric 
and nervous-system disorders, cut 14 of 
27 employees. 

Poniard Pharmaceuticals of South 
San Francisco, California, is cutting 
eight of its 67 employees, discontinuing 
in-house preclinical research and 
focusing on picoplatin, a next-generation 
platinum chemotherapy. Adventrx 
Pharmaceuticals of San Diego, California, 
is cutting its payroll to five and is 
discontinuing drug-development efforts 
and business operations to focus on 
“strategic options”. In December 2008 
the company employed about 35 people, 
according to its website. 

Synta Pharmaceuticals of Lexington, 
Massachusetts, cut 90 positions from 
its 220-member workforce owing to 
unfavourable late-stage clinical-trial 
results on a metastatic melanoma 
treatment. Synta has five programmes 
in clinical or preclinical development 
and several others in the discovery stage. 
Canada’s Bellus Health is cutting its staff 
by nearly half. It did not report exact 
numbers, but the company employed 
170 in December 2007, according to its 
website. 


Syngene centre opens 


Syngene International, a subsidiary 

of Indian biotech Biocon, and US 
drugmaker Bristol-Myers Squibb (BMS) 
have opened a research-and-development 
centre in Bangalore. 

The 18,000-square-metre facility, 
which employs 270 researchers, helps 
advance BMS’s discovery and early 
drug-development efforts. It will 
house 360 researchers by the end of 
the year and plans to ramp that number 
up to 450. 

Work at the facility will span the drug 
discovery and development process. 
Construction began in March 2007, 
when BMS and Biocon agreed to focus 
on integrated drug discovery and 
development capabilities at Syngene. 
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LAB HAZARD 


Getting great results from experiments can be difficult, especially if the materials you work with decide 
to fight back. Amber Dance investigates some of the unappreciated risks of being at the bench. 


o one told Karen Quigley her 

PhD project could make her ill. 

But during a clean-up of the rat 

room at Ohio State University in 
Columbus, Quigley had an asthma attack. 
She had developed an allergy to her rodent 
subjects — a health issue that persisted 
throughout her graduate studies and later 
postdoctoral work at Columbia University, 
New York. Quigley felt embarrassed wearing 
her “Darth Vader” get-up, a face mask with 
respirator, to handle the animals. “You need 
to do your work, so you just soldier on,’ says 
Quigley, who now sticks to humans at the 
US Department of Veterans Affairs New 
Jersey Healthcare System in East Orange. 
She enjoys her work, but would have liked 
to continue with animal models. Her allergy 
made that impossible. 

Scientists are familiar with the clear dangers 
of laboratory work, such as concentrated 
acids and bases, sharp needles and radiation. 
But other health concerns are more subtle. 
Allergies and chemical sensitivities are a 
perennial threat to scientists who spend 
most of their time in the lab. Epidemiological 
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data are scarce, so long-term hazards may be 
unknown. Even with known risks, those ina 
rush to collect data may skip safety measures. 
Generally they don't pay for their carelessness, 
but occasionally, lab health hazards can delay 
research, force a career move or cause serious 
injury or death (see ‘Worst-case scenarios ). 


Sensitive subject 

One study of animal-lab workers in Japan 
found that nearly a quarter of more than 
5,000 survey respondents reported allergy 
symptoms (K. Aoyama et al. Br. J. Ind. Med. 
49, 41-47; 1992). Rodents are widespread 
culprits, but other mammals, insects and 
plants can also cause problems. 

Allergic symptoms can curtail scientists’ 
time at the bench; with continued 
exposure, asthma may also occur away 
from the lab. If an allergy is likely to 
develop, it usually arises within a few 
years of starting animal work. “It’s fairly 
common, especially if people have an allergy 
already,’ says Christian Newcomer, executive 
director of the Association for Assessment 
and Accreditation of Laboratory Animal Care 
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International in Frederick, Maryland. For 
some, avoiding the trigger may be the only 
option. “People do walk away from animal 
research because of this,” Newcomer says. 

Pharmacologist Mary Lynn Baniecki of 
Raleigh, North Carolina, tried everything 
to get around her rat allergy that developed 
during a master’s project at Northeastern 
University in Boston, Massachusetts. She 
wore a mask and full-length disposable 
lab gown, and showered immediately after 
leaving the lab. But nothing helped. Her 
allergist told her to stop animal work to 
avoid becoming “severely ill’, she says. The 
diagnosis forced her to abandon her research 
tracking dopamine neurons. 

Animals are not the only potential health 
issue in a laboratory. Chemicals and other 
materials can cause allergies or sensitivity. 
For example, 8-12% of health-care workers 
are allergic to latex, according to the US 
National Institute for Occupational Safety 
and Health (NIOSH). 

Baniecki discovered the hazards of 
chemicals at her next position. Leaving the 
rats behind, she embraced structure-based 
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pharmacology during a PhD at the State 
University of New York at Stony Brook. But 
two years into that work, she noticed the 
familiar signs — a tightness in her chest, a 
general sick feeling. By keeping a diary of 
activities and symptoms, she determined 
that she felt ill every time a colleague used 
gel electrophoresis to separate proteins. 
The source, Baniecki says, was the reducing 
agents used to break apart proteins. For 
those with a chemical sensitivity, the only 
answer is to minimize contact with the 
cause — not easy for something that is 
omnipresent in biochemistry labs. Baniecki 
had to rely on her colleagues to keep their 
reducing agents covered. 


Chemical concerns 

The working patterns of scientists make 

it difficult to collect epidemiological 
information on long-term health hazards. “It’s 
the hazards that are not immediate that are the 
biggest problem,’ says Joe Crea, chief adviser 
on occupational hygiene for Safework South 
Australia in Adelaide. Scientists are a highly 
mobile population and health problems can 
go unreported. Diseases such as cancer can 
develop slowly so that by the time a person 
falls ill, there is no way to make a direct 
connection to their lab work. That makes it 
harder for safety managers to know exactly 


WORST-CASE SCENARIOS 


Laboratories are generally 
safe places, but sometimes 
a minor mistake can have 
consequences that go far 
beyond allergies or rashes. 
This is a selection of tragic 
incidents reported in the 
media over the past 15 
years; they demonstrate the 
importance of taking great 
care in the lab. 

A research assistant died in 
January this year from burns 
sustained in a university 
chemistry laboratory in 
California. Sheharbano Sangji 
had been working in the lab 
for only a few months when 
the plunger popped out of 
the syringe she was using to 
transfer tert-butyl lithium — 
which ignites spontaneously 


A chance splash of primate 
fluids cost research assistant 
Elizabeth Griffin her life in 
a1997 incident at Yerkes 
Regional Primate Research 
Center research centre 
in Georgia. Because the 
rhesus macaques under 
study were caged, Griffin 
did not use safety glasses 
for the procedure being 
done. A piece of material 
contaminated with herpes 
B virus — probably urine or 
faeces — got into her eye and 
she died six weeks later. 

Chemist Karen 
Wetterhahn spilt a drop 
of dimethylmercury on 
her gloved hand in 1996 at 
Dartmouth College in New 
Hampshire. At the time, 


latex, so she did not realize it 
had reached her skin. She fell 
ill five months later and died 
within the year. 

In 2004, while drawing 
blood from Ebola-infected 
guinea pigs, Antonina 
Presnyakova accidentally 
stuck herself with the needle 
she was using. Presnyakova, 
a scientist at a virology 
laboratory in Russia, died two 
weeks later. 

In1994, a laboratory 
technician, working alone 
in a private lab in Perth, 
Australia, spilled hydrofluoric 
acid in his lap. He washed 
his limbs but did not apply 
calcium gluconate gel, the 
recommended treatment. 
The technician died 15 days 


in air — causing her gloves 
and jumper to catch fire. 


it was not known that the 
chemical passes through 


later from multiple organ 


failure. A.D. 


how dangerous certain chemicals may be. 

Less than 2% of commercially available 
chemicals have been evaluated for 
carcinogenicity, according to the NIOSH. 
Instead, safety officers and scientists must 
make their best guess. It is assumed that 
ethidium bromide, a common reagent used 
to visualize DNA under ultraviolet light, is a 
carcinogen because it squeezes between the 
nucleotide bases of the genetic molecule, 
potentially causing mutations. 
Therefore, most researchers 
are careful to wear gloves 
when handling DNA gels, and 
some labs have switched to 
alternative DNA stains. Yet 
despite its suspected genome- 
altering properties, the scant 
data on ethidium bromide 
means it is not on the NIOSH 
list of potential occupational 
carcinogens. 

Rapidly changing lab 
techniques, such as new 
synthesis procedures, can 
exacerbate safety concerns as 
chemicals with unknown long- 
term hazards come into vogue. 
Tim Brunker, an organic 
chemist at Towson University 
in Maryland, had no worries 
when synthesizing a new chemical entity 
during his postdoc at Dartmouth College 
in Hanover, New Hampshire. Brunker 
wore his usual lab attire — gloves and safety 
glasses with jeans and a T-shirt. After the 
preparation his nose itched, so he rinsed it. 
But after repeating the synthesis a few times, 
he broke out in a red, blotchy rash. It tooka 
month of taking antihistamines around the 
clock for Brunker to recover. He stayed out 
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"The laboratory is 
ultimately a very 
safe place.” 

— Steve Benedict 


of the lab, doing office work for much of that 
month, and avoided that chemical thereafter. 

“In hindsight, I probably should have 
been more careful,” Brunker says. “I never 
really thought that sort of thing could 
happen. These subtle health hazards are 
rarely discussed among lab workers. And 
researchers can view safety regulations as an 
exercise in overkill, particularly when even 
the lab supply of sodium chloride — table salt 
— comes with a warning that 
ingesting too much could be 
dangerous. 

The laboratory is ultimately 
a very safe place, says 
Steve Benedict, director of 
environment, health and safety 
at the University of California, 
San Diego. In 18 years of 
managing lab safety at San 
Diego and elsewhere, he has 
not encountered a serious 
incident or fatality. 

Despite the potential hazards 
of chemicals and procedures, 
most accidents that befall 
researchers are not specific to 
lab work. Among scientists, 
there were three times as 
many workplace injuries 
from trips and falls than from 
harmful substances or environments in 2007, 
according to the US Bureau of Labor Statistics. 

Benedict says his office can usually 
help scientists with a specific allergy or 
sensitivity to continue with their research. 
But sometimes the problem is too severe. 
Benedict's advice for those rare few: “Maybe 
the lab really isn’t the place for you tobe.” m 
Amber Dance is a freelance writer based in 
Los Angeles, California. 
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Caveat time traveller 


Future-proof. 


Gregory Benford 


He was easy to spot — clothes from the 
twenty-first century, dazed look. I didn’t 
have to say anything. He blurted out, 
“Look, I’m from the past, a time travel- 
ler. But I get snapped back there in a few 
minutes.’ 

“I know.’ We stood in a small street 
at the edge of the city, dusk creeping in. 
Distant, glazed towers gleamed in the sun- 
set and pearly lights popped on down along 
the main road. Jaunters 
always chose to appear 
at dawn or dusk, where 
they might not be noticed 
but could see a town. No 
point in transporting into 
a field somewhere, which 
could be any time at all, 
even the far past. Good 
thing he couldn't see the 
city rubble, too. Or real- 
ize this was how I made 
my living. 

His mouth twisted 
in surprise. “You do? I 
thought I might be the 
first to come here. To this 
time” 

I gave him a raised 
eyebrow. “No. There was 
another last week” 

“Really? The professor 
said the other experiments failed. They 
couldn't prove they'd been into the future 
at all” 

They always want to talk, though theyd 
learn more with their mouths closed. 

He rattled on, “I have to take something 
back, to show I was here. Something —” 

“How about this?” I pulled out a slim 
metal cylinder. “Apply it to your neck five 
times a day and it extracts cancer precur- 
sors. In your era, that will extend your 
average lifetime by several years.” 

His eyebrows shot up. “Wow! Sure —” 
He reached for it but I snatched it back. 

“What do I get in exchange?” I said 
mildly. 

That startled him. “What? I don’t have 
anything you could use...” He searched 
his pockets in the old fashioned wide-label 
jacket. “How about money?” A fistful of 
bills. 

“Tm not acollector, and those are worth- 
less now, inflated away in value?” 

The time jaunter blinked. “Look, this is 
one of the first attempts to jump forward 
and back. I don't have —” 


“T know, we've seen jaunters from your 
era already. Enough to set up a barter 
system. That’s why I had this cancer- 
canceller” 

Confusion swarmed in his face. “Lady, 
I’m just a guinea pig here. A volunteer. 
They didn't give me —” 

I pointed. “Your watch is a pleasant 
anachronism, I'll take that,’ I gave him the 
usual ceramic smile. 

He sighed with relief. “Great —” But I 
kept the cylinder away from him. 


“That’s an opener offer, not the whole 
deal” A broader smile. 

He glanced around, distracted by my 
outfit. I always wore it when the chron- 
senser networks said there was a jaunt 
about to happen. Their old dress styles 
were classic, so they werent prepared for 
my peekaboo leggings, augmented breasts 
and perfectly symmetric face. The lipstick 
was outrageous for our time, but fit right 
into the twenty-first century kink. 

He raised a flat ceramic thing and it 
whirred. Taking pictures, like the rest. 
They still hadn't learned, whenever this 
guy came from. 

“Your pictures won't develop, I told him 
with a seemingly sympathetic smile. 

“Huh? They gave me this —” 

“You've heard of time paradoxes, yes? 
Space-time resolves those nicely. You can't 
take back knowledge that alters the past. 
All that gets erased automatically, a kind 
of information cleansing. Very convenient 
physics.” 

Startled, he glanced at his compact cam- 
era. “So... itll be blank?” 
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“Yes, I said crisply. My left eye told me 
the chron-senser network was picking 
up an approaching closure. I leaned over 
and kissed him on the mouth. “Thanks! 
It’s such a thrill to meet someone from the 
ancient times.” 

That shook him even mote. Best to keep 
them off balance. 

“So how do I get that cancer thing?” he 
said, eyes squinting with a canny cast. 

“Let me have your clothes,’ I shot back. 

“What? You want me... naked?” 

“T can use them as 
antiques. That cancer 
stick is pretty expensive, 
so I’m giving you a good 
deal” 

He nodded and 
started shucking off 
his coat, pants, shoes, 
wallet, coins, cash, set 
of keys. Reached for his 
shorts — 

“Never mind the 
underwear” 

“Oh. He handed me 
the bundle and I gave 
him the cancer stick. 
“Hey, thanks. Pll be 
back. We just wanted to 
see if—” 

Pop. He vanished. 
The cancer stick rattled 
on the ground. It was 
just a prop, of course. Cancer was even 
worse now. 

They never caught on. Of course, they 
don't have much time. That made the 
fifth this month, from several different 
centuries. 

Time was like a river, yes. Go with the 
flow, it’s easy. Fight against the current and 
space-time strips you of everything you're 
carrying back— pictures, cancer stick, 
memories. He would show up not recalling 
a thing. Just like the thousands of others I 
have turned into a nifty little sideline. 

The past never seemed to catch on. Still, 
they stimulated interest in those centu- 
ries where time jaunters kept hammering 
against the laws of physics, like demented 
moths around a light bulb. 

I hefted the clothes and wallet. These 
were in decent condition, grade 0.8 at least. 
They should fetch a pretty price. Good; I 
needed to eat soon. Time paid off, after all. 
A sucker born every minute, and so many, 
many moments in the rich past. a 
Gregory Benford is a physicist and a 
novelist. His best known novel is Timescape. 
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